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CHAPTER 1 
GENERAL INTRODUCTION, 
AIM AND SCOPE OF THIS THESIS 
8 CHAPTER 1 
GENERAL INTRODUCTION 
Osteoarthritis, also known as degenerative joint disease, is the prevalent 
connective tissue disorder affecting diarthrodial joints The disease mainly affects 
the elderly It is a slowly progressive disease, starting with little or no pain and 
leading to limitation of motion, deformity and disability at later stages 
Altman et al (5) defined osteoarthritis (OA) as 'a heterogeneous group of 
conditions that lead to joint symptoms and signs which are associated with defective 
integrity of articular cartilage, in addition to related changes in the underlying bone 
and at the joint margins' OA starts with local cartilage damage (86) becoming 
more severe and widespread at later stages 
Considerable differences between joints are found for the prevalence and the time 
of onset of OA Degeneration of cervical and lumbar discs has an earlier onset and 
is more prevalent than degeneration of hand joints (145) The knee joint is the most 
affected peripheral joint (28,145) In patients with symptomatic OA, lesions are ten 
times more prevalent in the knee than in the ankle joint, and almost absent in the 
wrist (28) Differences in prevalence of OA exist within a particular joint as well 
In the knee joint, differences can be found between OA in patella-femoral, medial 
femoro-tibial and lateral femoro tibial compartment (62,93; This suggests that 
different etiological factors play a role in the development of OA (62) The 
etiopathogenesis of OA is most likely multifactorial, both metabolic and mechanical 
factors appear to be involved 
The knee joint 
The knee is a complex joint The principal motion of the joint is flexion, although 
rotations around the tibial axis and translations are also possible The joint is 
surrounded by a capsule, interiorly lined with synovium The joint cavity is filled 
with viscous synovial fluid The fluid provides joint lubrication and nourishment of 
the articular cartilage The cartilage covers the surfaces of the bones, providing a 
wear-resistant surface for bones to slide over each other and aids in distributing the 
loads across the joint The knee joint consists of two compartments, the femoro-
tibial compartment between femoral and tibial bone and the patello-femoral 
compartment between femur and patella The patella is embedded in the patellar 
tendon, the tendon which connects the quadriceps to the tibia Between femoral and 
tibial bone two disks, the menisci, are positioned Their function is shock 
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absorption and distribution of load from femur to tibia. Motion of the knee joint is 
influenced by muscle activity, but passively also by articular surface geometry, 
menisci and ligaments. The main passive motion restraint is provided by the 
ligaments, of which the two cruciate and two collateral ligaments are the most 
important. Injury to (one of) the structures that determine knee joint motion can 
lead to alterations in load distribution and thereby give rise to cartilage damage. 
Articular cartilage 
Articular cartilage, covering the surfaces of articulating bone is avascular, aneural 
and alymphatic. Cartilage consists of two distinct phases: a fluid phase, composed 
of water and electrolytes, and a solid phase, composed of chondrocytes, collagen 
fibrils, proteoglycans and other (glyco)proteins. The water content of cartilage 
ranges from 60 to 85% by wet weight. The amount of water depends on the amount 
of proteoglycans and the strength and organisation of the collagen network. The 
amount of proteoglycans (fixed charge density) and the concentration of ions 
(Donnan osmotic pressure) determine the swelling pressure, to which the collagen 
network provides resistance. 
The cartilage cells (chondrocytes) form and regulate the matrix structure. The 
chondrocytes make up a small proportion of the volume. Collagen is the major 
constituent; 50-80% of the dry weight. The predominant type of collagen in 
cartilage is type II (90%). Type II collagen contains three αϊ(II) polypeptide chains 
wound in a triple helix. Covalently bonded to type II is type IX collagen. Type IX 
collagen contains three distinct a chains which form a helix and has a 
glycosaminoglycan chain attached to the al chain. This collagen may play a role in 
the formation of a cohesive collagen-proteoglycan matrix (130). Also present in 
minor concentrations in cartilage are type VI and XI collagen. Although their 
function is not known exactly, these molecules might be involved in organizing and 
stabilizing the proteoglycan-collagen network. Cross-links formed between different 
collagen molecules provide the strength and cohesiveness of the network. 
The other main components of cartilage are proteoglycans. Proteoglycans provide 
the unique physicochemical properties of the cartilage. The gel of proteoglycans is 
immobilized within a network of collagen fibrils. Proteoglycans are highly 
negatively charged, and because each negative charge is counteracted by a positive 
ion (mainly Na+), the osmotic pressure is high, retaining water in the cartilage. 
Proteoglycans are macromolecules composed of a core protein to which a number 
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of glycosaminoglycan (chondroitin sulfate and keratan sulfate) chains and N- and 
O-linked oligosaccharide chains are covalently bonded. The majority (50-85%) of 
the proteoglycans in cartilage are aggregated to hyaluronic acid. One hyaluronic 
acid filament can contain about 40 proteoglycan monomers, stabilized by link 
proteins. The structure of proteoglycans in cartilage is very heterogeneous, 
differences exist in chain length and amount of keratan sulfate and chondroitin 
sulfate, length of the protein core and degree of aggregation. In general, longer 
chains and higher degrees of aggregation make the network stiffer and more viscous 
(48,101). 
Articular cartilage is a metabolically active tissue. The chondrocytes carry out a 
combination of both aerobic and glycolytic metabolism (75). In normal articular 
cartilage, the matrix components are slowly and continuously turned over. Of the 
major matrix components collagen is the most resistant to proteolytic attack and has 
the slowest turnover rate. Proteoglycans have much faster turnover rates and are 
much more susceptible to enzymatic degradation (102). Heterogeneity of cartilage, 
in biochemical, morphological and biomechanical properties, can be observed 
within a normal joint. This topographical variation probably reflects differences in 
physical demands. In weight-bearing cartilage the amount of glycosaminoglycans 
appears to be higher (14,73,85,129,155), and proteoglycans and collagen are more 
orderly orientated (19,85) than in non or low weight-bearing cartilage. A direct 
relation is found between the stiffness and the predominant level of stress to which 
the cartilage is subjected (134,154). 
Changes in osteoarthritis 
Focal loss of cartilage, fibrosis of the capsule, sclerosis of subchondral bone and 
formation of new bone at joint margins and insertion sites of ligaments are the 
characteristics of OA. Changes in the cartilage are given the most attention in the 
literature. An early event in OA is increased hydration of cartilage, possibly due to 
slackening of the collagen network. Cartilage damage occurs very locally at the 
start, but is a progressive phenomenon (86). Damage usually starts with fibrillation 
of the surface layer, followed by fissures that penetrate the cartilage, and finally 
gross loss of cartilage. Chondrocytes in the remaining cartilage proliferate, form 
multicellular clusters and have a high overall synthesis of proteoglycans 
(74,87,136). The turnover of proteoglycans in early OA is increased, meaning a 
higher synthesis in combination with a higher degradation (20,22,118). Studies 
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sometimes have shown marked loss (21,114) and structural changes of the 
remaining proteoglycans (60). Other studies failed to show such differences 
between OA and normal cartilage (84,116). Changes in proteoglycan characteristics 
were also found. Newly synthesized proteoglycans were found to be larger than 
those from normal cartilage, which could be explained by long chondroitin sulfate 
chains, produced in an attempt to repair the damaged matrix (21,17). Aggregation 
of newly synthesized proteoglycans was unchanged or reduced in OA (16,21,90,98, 
115). The discrepancy in the results can be due to the use of cartilage from 
different locations (2) or from different stages of the disease (96,115,136,142,144). 
Degenerative cartilage also shows a switch in collagen type (105). Besides 
collagen type II, type I, III and X collagen were found (105,147). In the early 
stages of OA, articular chondrocytes can respond with higher synthesis of 
collagen II (41). 
Besides cartilage damage, another outstanding feature of OA is osteophyte 
formation. Osteophytes are outgrowths of bone and cartilage which develop in an 
early stage of the disease process, often before cartilage damage can be visualised. 
They appear at the joint margin, from periosteum near the articular surface, or at 
the site of attachment of joint capsule or ligaments to bone. The presence of 
osteophytes is so prominent in degenerative joint disease that their absence would 
lead to consideration of another diagnosis. Although cartilage damage and 
osteophyte formation are the two most important features in OA, the relation 
between the two is still unclear (30). Unclear is also the pathogenesis of osteophyte 
formation (99). Osteophytes are shown to increase with age (54) and due to 
exercise (45,151). 
Stiffening (sclerosis) of subchondral bone is a phenomenon often seen in OA at 
most weight-bearing sites (46,137). The subchondral bone, supporting the cartilage, 
acts normally as an effective shock absorber. Stiffening of the subchondral bone 
affects its shockabsorbing function and may in this way play an important role in 
the development of cartilage changes (112). Progressive cartilage change is thought 
to be associated with increased subchondral bone density (33,112,153). Although a 
relation between cartilage damage and subchondral sclerosis is often suggested, the 
etiogenesis is unclear. It is still not known what comes first, cartilage damage or 
subchondral stiffening. 
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Theories about the pathogenesis of osteoarthritis 
Risk factors for OA listed by Hochberg (55) are age, (female) sex, obesity, race, 
genetic predisposition, congenital and developmental bone and joint disorders, 
mechanical stress, joint trauma, prior inflammatory joint disease, and endocrine and 
metabolic diseases including Chondrocalcinosis. Most probably the pathogenesis of 
OA is multi-factorial. The precise cause and the involvement of various risk factors 
in development of the disease is unknown. Because both metabolic and mechanical 
factors can play a role in the pathogenesis of OA, the hypotheses about the 
pathogenesis can be divided into two classes: mechanical causes due to high loading 
of normal cartilage and metabolic causes due to failure of the chondrocytes. 
Differences in prevalence of OA between individuals as well as local differences 
between and within joints can be explained by differences in amount of 
biomechanical (over)loading or differences in metabolism and response of 
chondrocytes to certain stimuli (the latter may be indirectly influenced by physical 
demands). For example, differences have been found in metabolism (23,38) and in 
IL-1 receptor expression (50) between chondrocytes from various cartilage areas. 
Age 
OA increases strongly with age, it is uncommon under age 45, and almost 
uniformly present in persons of 65 years or older (145). The prevalence is highest 
in the cervical spine, and does not exceed 10% in sarco-iliac joints, lateral 
carpo-metacarpal and tarso-metatarsal joints. Considering only the peripheral joints, 
the knee joint has the highest prevalence. Van Saase et al. (145) compared the 
prevalence data from the Zoetermeer survey with that from other population studies 
and concluded that age specific patterns of OA on different locations were similar 
across studies, suggesting a common etiology of OA in most populations. 
Prevalence of osteoarthritis increases with age. This can be caused by accumulation 
of microdamage in collagen fibrils due to repetitive loading. Age-related changes in 
proteoglycan structure were also found (47,117). Changes in glycosaminoglycan 
chain length and sulphation position, and increase in hyaluronic acid concentration 
are examples of variations occurring related to aging which can alter the mechanical 
integrity of the matrix and thereby the sensitivity to damage. Age-related changes in 
tensile properties appeared to be more pronounced in cartilage of the femoral head 
than in cartilage of the talus, which is less often affected by OA (72). 
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Sex 
Overall, the differences between men and women are small, except for hips and 
especially knees, where the prevalence in women is twice as high as in men (145). 
Severe radiological OA is found in higher proportions in women than in man (31, 
145). The cause of this is not known; a relation between estrogen and OA in the 
hand was not found (49). The relation between gender and О A in the lower 
extremities can probably be explained by differences in body stature. This 
implicates differences in geometry and alignment of the knee of men and women 
(59), leading to differences in joint mechanics. 
Obesity 
Excess body weight appeared to be a powerful predictor of OA in the knee and a 
moderate or bad predictor of OA in the hand (11,42,49,56,120). This can be 
attributed to mechanical factors, especially concerning OA of the knee. The relation 
between obesity with OA and the non-bodyweight-bearing joints (hands) remains 
unclear, and is likely due to a metabolic mechanism. 
Race 
Although the site-specific pattern of OA is similar in populations of different 
races, variation in level of OA changes exist (145). Racial differences may be 
caused by occupation, diet, body stature, lifestyle and genetics. 
Genetic predisposition 
Genetic factors play a role in the development of Heberden's nodes of the DIP 
joints. Heberden's nodes are often present in patients with multiple OA (more than 
five joints affected). Some forms of multiple OA are associated with genetic 
factors, and more than one inherited factor appeared to be important (71). 
In families with OA prevalence at young ages, defects in the col(2Al) gene were 
found (57,100,146). Gene defects lead to formation of abnormal collagen fibers 
which are of inferior mechanical quality and thereby give rise to cartilage failure, 
as was shown with transgenic mice carrying a defect in the gene for collagen type 
II or type IX (53,104). 
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Congenital and developmental joint disorders 
Disorders which give rise to joint deformations can influence joint mechanics and 
create high stresses on the cartilage Varus deformation will cause damage on the 
medial side of the joint, and valgus deformation can cause cartilage damage on both 
lateral and medial sides (63,153) Other disorders, often genetical, may be 
characterized by defects in matrix production, leading to inferior mechanical quality 
of one or more joint structures 
Mechanical stress 
Mechanical stress is considered to be an important etiological factor of OA 
(113,123,134) Damage was found in areas with soft cartilage which are 
infrequently subjected to high stresses during normal activities (123) This suggests 
a role for mechanical factors in the etiology of OA Furthermore, overuse of joints 
can definitely lead to OA (42) This is expressed in differences between locations of 
OA lesions Cotton pickers and textile worker frequently have OA restricted to the 
hands Miners have a high prevalence of OA m knees and spine and not in the 
hands, and farmers have increased prevalence of OA in the hips OA of upper 
extremity joints is common in workers who use pneumatic tools 
Local variations in reactions to strenuous running exercises (7) were suggested to 
be due to differences in local contact pressure The effect of exercise, however, is 
not clear and probably dependent on the kind and level of exercise, and the 
biomechanical loading applied Some investigators reported negative effects ot 
exercise The prevalence of coxarthrosis in former soccer players, especially in 
high division players, was found to be higher than in normal age-matched controls 
(80) Negative effects of exercise in conditions with high risk for OA were 
described For example, Takasu (135) found that running exercises in mice prone to 
OA increased the prevalence of OA, and exercises of sheep after meniscectomy 
were reported to exacerbate lesions (6) However, others found no effect of running 
or sport exercises on the development of primary OA in humans (1,77,111,120) 
Sport increases the risk for traumatic injuries in joint structures, and thereby the 
risk for secundary OA 
Joint trauma 
Acute joint trauma or tears of ligaments or menisci are well known causes of OA 
(17,18,37,64,66-69,94) Ligament and meniscus tears lead to joint laxity (29,88,89, 
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124,125). Depending on stabilizing capacities of the muscles, the joint can become 
unstable and high stress concentration on the cartilage can result. These high stress 
concentrations are most likely the actual cause of О A (113) by altering cartilage 
metabolism or damaging collagen fibrils. The kind of instability determines the 
location of cartilage damage. Kannus et al. (66,67,69) showed in their studies that 
complete insufficiency of the medial collateral ligament led to cartilage damage on 
the medial side, complete insufficiency of the lateral collateral ligament to cartilage 
damage on the lateral side and partial or complete insufficiency of the anterior 
cruciate ligament to cartilage damage predominantly on the medial side, but the 
lateral side was affected too. In animal models injury to joint structures was also 
shown to result in cartilage damage. Transecting the anterior cruciate ligament in 
dogs led to cartilage damage in the femoro-tibial compartment, predominantly 
medially, but also laterally (17,18,64,94). Meniscectomy in animals induces 
cartilage damage on the side of the injured meniscus (52,97) and transection of the 
lateral structures causes damage on lateral and medial sides (26). 
An alternative factor in the pathogenesis of OA after joint trauma is provided by 
the finding of large increases in the amounts of metalloproteinase in traumatically 
injured knees, whereas the amounts of Tissue Inhibitor of Metalloproteinases 
(TIMP) were only slightly increased (25,81,109). An increased concentration of 
proteoglycans was found directly after injury and was still present years later 
(81,82). This may suggest increased degradation of cartilage components after 
ligamentous or meniscal trauma. 
Inflammation or metabolic diseases 
Changes in the production of cytokines, hormones or enzymes can influence 
the quality of joint structures by altering the synthesis or degradation of 
matrix components (32,34-36,40,43,58,83,108,109,126,139-141). Induction of 
inflammation or metabolically induced degenerative disease in animal models has 
shown to produce cartilage damage. The location of damage varies, depending on 
the animal model used. In general weight-bearing cartilage is mainly affected. 
Animal models of osteoarthritis 
Studying the pathogenesis of OA in humans is difficult because of various factors. 
One is the difficulty to obtain material to perform biochemical, biomechanical or 
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histological studies. Furthermore, the exact stage of the disease is unknown and 
studying early stages is almost impossible because usually only patients with severe, 
late stages consult a physician. Studies are complex because of the enormous 
variations between patients and the diversity of factors which may be involved in 
the onset and development of the disease. The use of animal models solve many of 
the problems described above. Environmental conditions (housing, diet, activity, 
weight etc.) can be controlled, the time of induction is known exactly and material 
can be collected to perform studies at different stages of the disease. 
According to the pathogenetic mechanism, models for OA can be divided in 
mechanically and metabolically induced one. Several models for spontaneous OA 
exist in mice, guinea pigs and monkeys (11,24,38,116,122,127,128,131-133, 
148-150). Depending on the model, cartilage damage occurs on the medial or 
lateral side of the joint. Explanations for this were sought in mechanical factors 
(patella dislocation or varus/valgus position) (149,150), as well as metabolic factors 
(concentrations of metabolic enzymes) (38). In addition to spontaneous models, 
several models for metabolically and mechanically induced OA exist. Injection 
of iodoacetate (39,65,142,144,152), papain (13,51,103,142,144), estradiol in 
ovariectomized animals (138) and vitamin A (15) in mice, rats, rabbits or hens can 
be regarded as metabolic models. In general, cartilage of weight-bearing areas was 
shown to be more sensitive to these metabolic stimuli than cartilage of non or less 
weight-bearing areas. The class of mechanical models includes surgical transection 
of joint structures, such as one or more ligaments (3,5,17,18,64,94,110,119), 
menisci (10,52,79,92,97), a combination of ligaments and menisci (26,76), 
transection of muscles or tendons (8), forced alterations of joint positions (63,153), 
patellar displacement (12), immobilisation (78) or acute load application (137). In 
these models the location of cartilage damage depends on the alteration in 
mechanical loading. Surgical intervention led to changes in joint position, contact 
areas and pressure on the medial and lateral tibial plateaus (4,44,59,91,95), which 
can explain the location of cartilage damage due to varus or valgus deformation 
(63,106,153), meniscectomy (52,97) or transection of ligaments (9,70,107). Unless 
compensated for by muscle activity, loading of the cartilage will be altered. 
Furthermore, ACL ruptures often result in meniscus injuries, thereby increasing 
joint instability (61,121) and the likelihood of cartilage damage. Furthermore, with 
the development of techniques to create transgenic mice, new possibilities to study 
OA were opened. Genetic defects in collagen are shown to lead to OA changes 
(53,104). 
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AIM AND SCOPE OF THIS THESIS 
The most prominent features of osteoarthritis are cartilage damage and osteophyte 
formation. The prevalence and severity of these features can vary between different 
locations; variations between joints but also within joints are found. The 
pathogenesis of OA is thought to be multi-factorial; most likely both metabolical 
and mechanical factors are involved. Alterations in cytokines, hormones or 
enzymes, for example, can influence chondrocyte metabolism and thereby the 
composition of the cartilage matrix and its susceptibility to damage. Changes in 
joint mechanics due to injury or alteration in joint position lead to alterations in 
loading of the cartilage matrix. Overloading can induce cartilage damage, 
underloading might cause disuse trauma. 
The aim of our investigation was to study whether the site-specificity of cartilage 
damage in osteoarthritis is stimulus dependent. In this thesis we discussed the 
influence of metabolic and mechanical stimuli on the location of experimental 
degenerative joint changes. 
In order to be able to study the relation between site specific OA changes and 
metabolic and mechanical factors, three methods were developed and are described 
in the first part of this thesis: a method to measure proteoglycan synthesis in four 
anatomically defined areas of murine knee cartilage (Chapter 2), a method to 
quantify cartilage loss and osteophyte size using image analysis (Chapter 3), and a 
method to measure joint laxity in knees of mice (Chapters 4 and 5). 
These methods were used to study the pathogenesis of site specific OA changes, 
described in the second part of this thesis. 
First, metabolic and mechanical stimuli were compared as to their effects 
(Chapter 6). Cartilage proteoglycan synthesis was studied in four anatomically 
defined locations in the murine knee, at different time points after intra-articular 
injection with iodoacetate or collagenase respectively. The first is an inhibitor of 
cell metabolism (39), while the latter is considered to be a stimulus for a 
mechanically-induced О A model (143). 
In Chapter 7 we questioned whether site specific susceptibility for metabolic 
disturbances of cartilage is stimulus dependent. We studied whether cartilage 
susceptibility to a metabolic stimulus depends on the mechanism of action of the 
stimulus or if a particular area of the joint is always more sensitive to metabolic 
stimuli than others, no matter how it acts. The response of articular cartilage to 
three different metabolic stimuli was studied both in vitro and in vivo. 
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In the next chapters attention is focused on the mechanically-induced, collagenase 
model. To further investigate the model and factors influencing the development of 
cartilage damage, differences in prevalence and location of cartilage damage were 
studied in males and females of two different mice strains (Chapter 8). 
Both cartilage damage and osteophyte formation are prominent features in this 
model. The relation between these two is still not known. We investigated whether 
the location of cartilage damage is related to the location of osteophyte formation 
(Chapter 9). Because both features are hypothesized to be due to the induced joint 
laxity, the relation between joint laxity and histologically apparent cartilage damage 
and osteophyte formation was studied (Chapter 10). 
Finally, the summary of these studies is described and the conclusions concerning 
the pathogenesis of site-specific OA changes are discussed in Chapter 11. 
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CHAPTER 2 
IN VIVO QUANTIFICATION OF PROTEOGLYCAN 
SYNTHESIS IN ARTICULAR CARTILAGE OF DIFFERENT 
TOPOGRAPHICAL AREAS IN THE MURINE KNEE JOINT 
G.J.V.M. van Osch, P.M. van der Kraan and W.B. van den Berg 
Abstract: We developed a method of quantitative measurement of the synthesis of 
proteoglycans in different areas of the patella and the tibial plateau of the mouse. 
After incorporation of radioactive sulfate in vivo, the patella was divided with a 
punch into a central and a peripheral part. A central medial and a central lateral 
part were taken from the tibial plateau to measure the synthesis of proteoglycans. 
The synthesis was determined in normal joints and at different intervals after intra-
articular injection of sodium iodoacetate and was compared with autoradiographs of 
whole joint sections. Although considerable variation in sulfate incorporation was 
found within a group on particular days after induction of osteoarthritis, the 
variation among experiments was low. Comparison with autoradiographs showed 
that this new method makes it possible to quantify proteoglycan synthesis by 
incorporation of radioactive sulfate in different topographical areas of the murine 
knee joint. 
28 CHAPTER 2 
INTRODUCTION 
Much research has been done on the rate of proteoglycan synthesis in 
osteoarthritic cartilage, but the data are inconsistent. The rates of proteoglycan 
synthesis by chondrocytes in human osteoarthritic cartilage have been reported to be 
increased (3,13,14,17); at other times, they were unchanged or lower (6). This may 
have been due to local variations in synthesis of proteoglycans in the cartilage and 
to the different stages of the disease while cartilage was being studied. The use of 
animal models makes it possible to control the development of the disease and to 
study its early stages. 
There are topographical differences in the impact of the disease. In STR/OR or 
STR/IN mice with development of spontaneous arthritis, lesions appeared to be 
most marked in the medial tibial plateau (20,27). In mice injected intra-articularly 
with II-1, sodium iodoacetate, or collagenase, lesions were more advanced on the 
medial side of the joint than on the lateral side (22,24). These differences among 
anatomical areas also have been observed in dogs in which the anterior cruciate 
ligament was transected. The proteoglycan synthesis in the medial tibial plateau 
below the meniscus appeared to be more stimulated than that in the adjacent tibial 
area; the uncovered tibia, where the lesions were more advanced, was not 
stimulated at all (1,10,16,18). Johnson and Poole (9) and Wu et al. (29) found that, 
after an experimental varus or valgus tibial angulation, the severity and location of 
the lesions were different for the medial and the lateral tibial plateaus. 
In our laboratory, the synthesis of cartilage proteoglycans after induction of 
arthritis or osteoarthritis was quantified using 3SS-sulfate incorporation in entire 
patellae (4,22,23,25). De Vries et al. (4) showed that 35S-sulfate was incorporated 
mainly in proteoglycans. The autoradiographic results made it clear that this method 
is valid at early phases of arthritis, but from day 7, osteophyte formation at the 
joint margins affected the measurements. Moreover, the impact of the arthritic 
processes differed in the central and the peripheral parts of the patella and in 
various areas of the tibial plateau (22). Large topographical variations were noted 
especially in different osteoarthritis models (25,26). Most quantitative studies 
concerning topographical differences were performed ex vivo with specimens taken 
from large animals. The present investigation was designed to improve our mouse 
patella assay through division of the structure into a central and a peripheral part 
and, furthermore, to develop a valid measure to quantify the in vivo synthetic 
activity in the central parts of the medial and lateral tibial plateaus. 
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The sodium iodoacetate model, as a model for degenerative joint disease 
(11,24,26), was used to validate the method by comparison of proteoglycan 
synthesis as measured by the newly developed method and by autoradiography. 
MATERIALS AND METHODS 
Animals 
Male C57BL mice, 10-12 weeks old, were used in all experiments. The animals 
were kept in cages with a wood chip bedding in a room air-conditioned at a 
constant temperature. They were given a standard laboratory diet (Hope Farms, 
Deventer, The Netherlands) and lightly acidified water ad libitum. 
Induction of degenerative joint disease 
The mice were anesthetized with ether, and the right knee joints were injected 
once intra-articularly through the patellar tendon with 6 μΐ of a 0.5% sodium 
iodoacetate solution (Sigma Chemical, St. Louis, MO, USA). The left knee joints, 
which were not injected, served as controls. It is important to note that previous 
studies showed no effects of intra-articular injection of a similar volume of 
physiological saline solution on either histological parameters (25) or incorporation 
of 35S-sulfate incorporation (data not shown). 
Labeling 
After 1, 3, 7, 14 and 28 days, groups of six mice were given a subcutaneous 
injection of 2.8 MBq radioactively labeled sulfate, i.e., about 110 MBq/kg body 
weight (Radiochemical Centre Amersham,Buckinghamshire, UK), dissolved in 
0.1 ml of physiological saline solution. After 4 h, when the amount of 35S-sulfate 
incorporated in the cartilage was optimal (4), the mice were killed by cervical 
dislocation. Quickly and carefully, the patellae were isolated according to the 
method of van den Berg et al. (23). The remaining portions of the knee joints from 
the left and right hind limbs were dissected. The interval between death and 
dissection was 10 min at most. The patellae and remaining portions were 
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decalcified in 5% formic acid either immediately or after storage in ethanol. The 
fixation procedure did not affect the results through loss of radiolabeled 
proteoglycans. 
Cartilage isolation 
Patellae 
After decalcification of the patellae for 3 h, the entire cartilage could be stripped 
easily from the underlying bone under a dissection microscope. A piece 0.2 mm2 in 
size was punched out of the middle of the cartilage. This piece is called the central 
patella; the remaining piece is the peripheral patella (Fig. 1). The central and 
peripheral patellae were digested separately with quaternary ammonium hydroxide 
(Lumasolve; Hicol, Oud-Beijerland, The Netherlands), and the amount of 
radioactive label that was incorporated was determined by liquid scintillation 
counting (LSC) for 30 min. 
€teh*.^ 
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Fig. 1. The murine patella 
after a piece 0.2 mm2 in size 
had been punched out of the 
center. Both the punched-out 
(central) and the remaining 
(peripheral) parts are used. 
Fig. 2. The murine tibial 
plateau after a piece 0.2 mm2 
in size had been punched out 
of the center of the medial and 
the lateral plateaus, with 
careful avoidance of the 
ligament insertions. Only the 
punched-out, central parts are 
used. 
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Tibial plateaus 
After overnight decalcification of the remainder of the knee joint, the femur and 
tibia were separated by transection of the ligaments. The menisci were removed 
carefully, the cartilage of the tibial plateau was stripped off entirely, and a piece of 
cartilage 0.2 mm2 in size was punched out of the central parts of the medial and 
lateral tibial plateaus, with avoidance of the insertions of the cruciate ligaments and 
the menisci (Fig. 2). The cartilage was digested with Lumasolve (Hicol), and the 
amount of radioactive label that was incorporated was determined by LSC for 
30 min. 
Calculations 
The incorporation of 15S-sulfate in the injected and contralateral knee joints was 
compared individually for each mouse and was expressed as the percentage of 
synthesis in the right (iodoacetate-injected) knee compared with the left (normal) 
knee joint. The experiment was repeated three times, with groups of six mice for 
each time point. The synthesis percentages for six mice were averaged for the 
different topographical areas, and the standard deviations were calculated. 
A two tailed paired Student t test was used to evaluate the proteoglycan synthesis; 
p<0.05 was considered significant. 
RESULTS 
Cartilage isolation 
Autoradiography of proteoglycan synthesis by 35S-sulfate incorporation showed 
that the cartilage of the central and peripheral parts of the patella responded 
differently to injection of iodoacetate (Fig. 3). The use of a stainless-steel punch 
with a diameter of 0.5 mm made it possible to separate the different responding 
areas through division of the patellar cartilage into the two parts. Autoradiography 
also showed different rates of 35S-sulfate incorporation in the cartilage of the medial 
and lateral tibial plateaus (Fig. 4) after induction of arthritis or osteoarthritis 
(10,16,20,27). With a punch, it also was possible to take a part of the central tibial 
plateau, both medially and laterally. The remainder of the tibial plateau, which 
contains the insertion of the cruciate ligaments, the osteophytic cartilage, and the 
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periosteal layer adjacent to the osteophytic area, had to be avoided because it was 
shown that 35S-sulfate also takes place in the cruciate ligaments and the osteophytic 
cartilage of the tibial plateau (13,26,28) (Fig. 4). With a punch of 0.4 mm2 
(diameter 0.7 mm), it was impossible to avoid these areas; therefore, we utilized a 
punch of 0.2 mm2 (diameter 0.5 mm). 
Fig. 3. Autoradiograph of the murine patella 
3 days after injection of 0.5% sodium 
iodoacetate. Differences in incorporation 
between the central and peripheral portions 
of the patella (P) are clearly visible. 
F = femur. 
Fig. 4. Autoradiograph of the murine 
tibial plateau 3 days after injection of 
0.5% sodium iodoacetate. Differences 
in incorporation between the medial 
plateau (TM) and lateral plateau (TL) 
are obvious. Note the increased 
incorporation in the periphery and the 
ligament (I) insertions. F=femur. 
With a dose of 2.8 MBq 35S-sulfate injected subcutaneously and LSC for 30 min, 
the incorporation of radioactive sulfate in this small piece of cartilage could be 
determined with sufficient accuracy (error of 10% with 95% confidence). 
Normal cartilage 
Table 1 shows the incorporation of radioactive sulfate in different topographical 
areas of the cartilage of the left and right knee joints of normal mice. Sufficient 
radioactivity was incorporated in the cartilage to determine the proteoglycan 
synthesis in normal articular cartilage of the central and peripheral patella and the 
central lateral and central medial tibial plateau. No differences were found between 
proteoglycan synthesis of the left and right knee joints in any of the topographical 
areas studied. 
The amount of sulfate incorporated in the peripheral patella was much higher than 
in the central patella. This was at least partly due to differences in size. The 
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peripheral patella was 2-2.5 times as large as the central patella. The cartilage of 
the central patella and the central medial and central lateral tibial plateaus were all 
punched-out areas, and as a result they were of equal size: namely, that of the 
punch (0.2 mm2). The cartilage of the central medial tibial plateau incorporated 
significantly less radioactive sulfate than the cartilage of the central lateral plateau 
(paired t test on data of 213 normal knee joints). The cartilage of the central 
patella, the peripheral patella, and the central lateral tibial plateau incorporated 
similar amounts of radioactive sulfate per area. If the cartilage layers are equally 
thick, this indicates that the metabolic rates in these areas were the same. The 
incorporation rate in the medial tibial plateau, however, was lower. Whether this 
was due to lower density of chondrocytes or to lower synthesis per chondrocyte is 
not known. 
Table 1. In vivo incorporation of "S-sulfate m articular cartilage of different areas of the left and right 
knee joints of normal mice 
Patella 
Central Tibia 
Central 
Peripheral 
Medial plateau 
Lateral plateau 
Left (cpm) 
105 ± 19 
234 ± 42 
78 ± 24 
114 ± 27 
Right (cpm) 
103 ± 30 
250 ± 69 
82 + 37 
108 ± 37 
Right/left 
0 98 
1 07 
1 05 
0 95 
This experiment was performed with six mice Radioactive sullate was injected subcutaneously in a dose 
of 2 8 MBq, and was incorporated for 4 h The amount of incorporation is expressed in mean counts 
per minute (cpm) ±SD 
The procedure was performed three times, with six mice per group, and we found 
a variation among experiments in the absolute amount of "S-sulfate incorporated in 
the cartilage (Table 2). However, the incorporation in the central patella always 
appeared to be about 35% of the incorporation in the total patella. The ratio of 
incorporation in the central medial and central lateral tibial plateau was always 
about 0.85 This indicates that, although the absolute amounts of incorporation 
might vary, the relationship among different areas always was about equal Apart 
from biological variations in proteoglycan synthesis, variations can be due to slight 
differences in body weight, age, and endogenous sulfate levels of the mice, and 
they will influence the specific activity of 35S-sulfate in the body fluids. Therefore, 
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to study pathological conditions induced in one limb, it appeared to be more 
accurate to compare the right and left knee joints for each mouse individually and 
express this as a right/left ratio. 
Table 2. Variation in in vivo incorporation of J5S-sulfate in articular cartilage of different areas of the 
normal knee joint. 
Patella Central tibia 
Exp. 1 
Exp 2 
Exp 3 
Central 
(cpm) 
88 ± 33 
128 ± 9 
78 ± 29 
Peripheral 
(cpm) 
189 ± 63 
259 + 33 
119 ± 32 
Central/ 
total* 
0.32 
0 33 
0 39 
! Medial 
(cpm) 
! 6 6 + 1 6 
113 ± 3 5 
64 ± 10 
Lateral 
(cpm) 
83 + 23 
132 ± 24 
69 ± 17 
Medial/ 
lateral 
0.80 
0.86 
0.93 
These experiments were performed with six mice in each group. The amount of incorporation of 
radioactive sulfate in the cartilage is expressed in mean counts per minute (cpm) +SD. 
* Total patella = (cpm in central patella) + (cpm in peripheral patella). 
Fig. 5. The 35S-sulfate content of articular 
cartilage from left, umnjected knee joints 
at various lime points after intra-articular 
injection of 0 5% lodoacetate into the 
right knee joint. Values represent mean 
incorporation and SD, calculated from three 
groups of six mice Pc = central patella, 
Pp= peripheral palella, Tm = central medial 
tibial plateau, and Tl = central lateral tibial 
plateau 
Pathological cartilage 
Stripping and punching of the cartilage of the patella and the tibial plateau could 
be done easily at all time points after the injection of sodium iodoacetate; the 
presence of osteophytic cartilage made no difference. The injection of iodoacetate 
350 — 
280 • 
210 •" 
0 6 12 18 24 30 
days after injection 
Pc Pp Tm — - TI 
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into the right knee joint did not affect the left knee joint, as shown in Fig. 5. The 
incorporation of 1,S-sulfate in cartilage of the left knee joint remained the same 
during the entire experiment. Therefore, it was permissible to use the uninjected 
contralateral knee joint as a control and to present right/left ratios to reveal the 
effects of iodoacetate injection on the cartilage. 
Table 3 shows that repetition of the experiment three times produced similar 
results at each time point after injection of iodoacetate. Sometimes, however, the 
variation in the ratios within one group of mice was considerable. This was due to 
a general spread in the data; there were no outliers. The different responses of the 
topographical areas studied are clearly visible and closely resemble the outcomes of 
previously performed autoradiography (Table 4). 
Table 3. Proteoglycan synthesis measured ¿n incorporation of "S-sulfale m vivo after injection of 
0 5% sodium iodoacetate into the right knee /они 
Time 
after 
injection 
Day l 
Day 3 
Day 7 
Day 14 
Day 28 
Central 
patella (%) 
12 
16 
14 
35 
38 
30 
32 
34 
2S 
23 
38 
20 
23 
Τ "> 
17 
± 
+ 
± 
± 
± 
+ 
± 
+_ 
+ 
± 
± 
f 
1 
1 
1 
2 
1 
2 
14 
12 
1') 
16 
24 
4 
10 
T T 
12 
II 
S 
7 
Peripliei.il 
patella 
48 
SO 
ss 
T I T 
21') 
174 
170 
13-, 
204 
165 
1S(, 
183 
120 
± 
+ 
i 
+ 
+ 
± 
+ 
+ 
+ 
+ 
+ 
+ 
+ 
126 + 
125 ± 
(7,) 
12 
14 
14 
3Ì 
42 
100 
S2 
3') 
24 
33 
25 
65 
46 
29 
16 
Total 
patella (%) 
35 + 9 
39 ± 8 
4 1 + 9 
165 ± 23 
143 ± 48 
140 ± 55 
ИЗ ± 19 
105 ± 33 
143 + 20 
118 + 14 
115 + 22 
132 + 43 
87 ± 24 
90 ± 19 
89 + 12 
Central tibia 
medial (%) 
25 ± 10 
18 + 11 
2 1 + 9 
99 + 10 
48 ± 17 
58 ± 40 
87 + 32 
82 + 53 
92 + 73 
62 + 13 
46 + 21 
97 + 52 
48 ± 31 
59 + 25 
70 + 33 
Central tibia 
lateral (%) 
24 + 14 
1 9 + 8 
52 ± 41 
98 + 10 
59 + 33 
57 + 54 
90 + 61 
89 + 56 
66 ± 39 
102 ± 27 
71 + 67 
109 ± 28 
67 ± 43 
47 ± 39 
75 + 24 
The expci imeni w.is pa loi nial thiee limes with groups of six mice each The incorporation in the right 
(sodium-iodo.iLLi.iic iiiicucd) compared with the left (normal) knee joint is expressed in mean % +SD 
< 100% = an iiiliihiiion ,ind > 100% = a stimulation of the proteoglycan synthesis m the right compared 
with the loll knee цчпі 
Our results show that the proteoglycan synthesis in the total patella (the total 
amount of 35S-sulfate incorporation in the central and peripheral patellae) was 
inhibited on day 1, was increased on day 3, and was not significantly different 
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during the rest of the experiment. Separation of the central and peripheral patellae 
showed the different responses of these areas. One day after injection of 
iodoacetate, the synthesis of proteoglycans in the central and peripheral patellae of 
the right knee joint was significantly inhibited. Centrally, the inhibition was 
diminished on day 3, but the inhibition persisted during the rest of the experiment. 
Peripherally, however, the synthesis of proteoglycans was significantly increased 
compared with the normal value 3 days after injection. The increase in synthesis 
diminished during the experiment, and on day 28 synthesis was almost normal 
again. Autoradiography also showed the differences in proteoglycan synthesis in 
the central and peripheral patellae from day 3 (Table 4). The decreased 
incorporation in the central patella and increased incorporation in the peripheral 
patella are shown in Fig. 3. 
Table 4. Autoradiographic score of the knee joint after injection of 0.5% sodium iodoacetate, from 
Van der Kraan et al (26) 
Time Patella Palella Central tibia Central tibia 
after central peripheral medial lateral 
injection 
Day 1 
Day 3 + + + + 
Day 7 - - - + + + - - 0 
Day 21 + 
Day 42 - - - - 0 
Scoring scale: 0= similar to control, + = slight stimulation, + + = moderate stimulation. 
+ + + = strong stimulation. + + + + = very strong stimulation, - = slight inhibition, - - = moderate 
inhibition, = strong inhibition, = no incorporation 
The response to injection of sodium iodoacetate in the central medial and central 
lateral tibial plateaus 1, 3, and 7 days after injection was about equal. The synthesis 
was inhibited at first and returned to normal later on. However, although the 
synthesis of the medial plateau showed a significant inhibition in two of the three 
experiments on day 14, the lateral plateau was still normal. Inhibition in the central 
lateral tibial plateau became apparent again after 28 days but was significant only 
in the second experiment. Autoradiography also showed a stronger inhibition of 
synthesis in the central medial than in the central lateral tibial plateau (Table 4 and 
Fig. 4). 
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DISCUSSION 
Proteoglycan metabolism is best measured in vivo because the metabolism may be 
different in vitro (21). However, as it is nearly impossible to perform in vivo 
studies in large animals, we developed a method that allows performance of 
topographical studies in smaller animals such as mice. Normal articular cartilage 
isolated with this method showed a variation in incorporation of 35S-sulfate that 
probably was due mainly due differences between individual animals. No difference 
in incorporation in the left and right joints was found. 
With this method, it proved possible to differentiate among the effects of an 
injection of iodoacetate on the cartilage of the central patella and peripheral patellae 
and the central medial and central lateral tibial plateaus. The results of this 
experiment closely resemble the results of previously performed autoradiographic 
studies (Tables 3 and 4). Proteoglycan synthesis was inhibited in the central part of 
the patella during the entire period of study. In the peripheral part, synthesis was 
inhibited on day 1, stimulated from day 3, and normal after day 28. Synthesis 
was inhibited in both the central medial and central lateral tibial plateaus at days 1 
and 3. Then, after an apparent repair, a second inhibition phase started earlier and 
was more obvious in the medial tibial plateau. With this method, we were able to 
quantify the topographical differences observed with autoradiography, although 
histology is recommended along with the measurements of proteoglycan synthesis 
because small local lesions, which will be obvious on histological sections, can be 
missed with the new method. Furthermore, histology will provide information on 
the cause of altered amount of incorporation of radioactive label. It will show if 
there are changes in the amount of proteoglycan synthesized per chondrocyte or in 
chondrocyte density, or if any cartilage has disappeared (due to fissuring, for 
example). 
The amounts of stimulation of the proteoglycan synthesis in the first, second, and 
third experiments were about equal, with some exceptions. However, the variation 
within one group of mice may be considerable on certain days (Tables 1,2, and 3). 
Methodological and biological causes of variation are possible. The methodological 
variation was expected to be small because the variation among the three different 
experiments was small. In any of one group, it often was seen that in some of the 
mice the proteoglycan synthesis was inhibited, while in others, a stimulation was 
noted. Because a different response in time within a group of mice also was found 
with autoradiography (26), there seems to be a biological variation in responses of 
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mice to iodoacetate. Hall et al. (7) described an animal-to-animal variation in 
pressure sensitivity of the 35S-sulfate incorporation in bovine cartilage. 
A topographical variation was obvious. On day 3, the proteoglycan synthesis in 
the central patella was inhibited, while a stimulation became visible peripherally. 
Often, from 3 days after the injection of sodium iodoacetate, chondrocytes in the 
central patella exhibited a marked loss in the ability to synthesize proteoglycans, 
whereas cells at the periphery of the joint began incorporating 35S-sulfate (26,28). 
This was probably the earliest sign of osteophyte formation. After 2 weeks, a 
marked uptake of 35S-sulfate into the osteophytic cartilage, cruciate ligaments, and 
thickened periosteal layer adjacent to osteophytic growth could be observed 
(13,19,24,26,28). 
It appears from Fig. 2 that the punched-out part of the tibial plateau corresponded 
roughly with the part of the plateau that was not covered by the meniscus. 
Differences between the rate of synthesis in covered and uncovered cartilage were 
in accordance with the results of Sandy et al. (18) and Adams (1) after transection 
of the anterior cruciate ligament. A difference between the medial and the lateral 
tibial plateau was confirmed again (10,16,20,27). It probably was caused by 
differences in loading (2,5,12,15). It also is possible that a greater part of the 
lateral plateau than of the medial plateau is covered by the meniscus, as in dogs 
(9,10). In humans, the medial meniscus appears to be more constrained and will be 
more deformed during motion of the knee. This may result in earlier damage to the 
cartilage. Intrinsic differences in the chondrocytes at different topographical areas 
cannot be excluded. 
The responses of the cartilage of the patella and the tibial plateau did not appear 
to be correlated. A small increase in synthesis in the tibial cartilage did not indicate 
a small increase in the patella as well. It appears that the cartilage of the tibial 
plateau and the patella are not equally sensitive. This is in accordance with the 
assumption that patello-femoral and femoro-tibial osteoarthritis are caused by 
different etiologic factors (8). With this method, we can now perform quantitative 
determinations of the effects of various experimental degenerative joint diseases on 
the synthesis of proteoglycans in different areas of the murine patella and tibia. 
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CHAPTER 3 
QUANTIFICATION OF MORPHOMETRY CHANGES 
IN MURINE EXPERIMENTAL OSTEOARTHRITIS USING 
IMAGE ANALYSIS 
Reliability of measurements of cartilage erosions 
and osteophyte size 
A.A. van Valburg, G.J.V.M. van Osch, 
P.M. van der Kraan and W.B. van den Berg 
Abstract: Aim of this study was to evaluate the possibility of quantification of 
cartilage erosions and osteophyte size in a murine model of osteoarthritis 
Histological sections were used of mice in which О A was induced m the knee joint 
by intra articular injection of bacterial collagenase With an interactive image 
analysis system, the areas occupied by osteophytes and the areas of erosions of the 
articular с artilage were measured by two independent observers at two time points 
Measurements of osteophyte areas and cartilage loss at the tibial plateau showed 
good to excellent reproducibility, whereas measurement of cartilage loss at the 
femoral condyles was less reproducible It appeared that measurement of three 
frontal total knee joint sections (spaced 133 y.m apart) pom the middle part of the 
joint, as judged by a wedged-shape of the menisci, provided a reliable measuie for 
cartilage damage and osteophyte size in the total joint In addition α ι umiliarne 
score was developed composed of both cartilage loss and osteoph\fe sizes which 
can be used as a general measure for О A of the knee ¡oint 
The presented method oj quantitative scoring makes it possible to perform 
correlation studies and to investigate the effect of therapeutic intenentions on the 
osteoarthritis process more adequate than with qualitative scoring systems 
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INTRODUCTION 
Osteoarthritis (OA) is a degenerative joint disease characterized by focal loss of 
articular cartilage and changes in bone (metabolism), represented by osteophyte 
formation and subchondral sclerosis. Animal models of osteoarthritis are widely 
used to study the pathogenesis of this disease and are mainly based on induction of 
joint instability (1,3,5,7,10,14-16). Recently, a model has been developed in mice, 
based on the same principle (20). Injection of highly purified bacterial collagenase 
into the murine knee joint results in ligament damage and subsequent joint 
instability (22). The resulting osteoarthritic changes can be evaluated histologically 
on whole joint sections. Cartilage loss, fibrillation or erosions, formation of 
osteophytes and occurrence of subchondral sclerosis were found in this model 
(19,21,23). 
Many investigators have used qualitative or semi-quantitative scoring systems for 
grading of cartilage damage and osteophytes in both clinical studies 
(2,6,8,9,11,12,18,24) and experimental studies using animal models 
(4,5,7,13,14,15,17,25). Efforts have been made to develop scoring systems with 
high reproducibility but a subjective aspect in visual grading remained. Secondary, 
qualitative scores offer limited possibilities for differentiation in grading. 
Quantitative measurements on the maximal width of osteophytes or the amount of 
joint space narrowing were occasionally performed (2,6,11,15) but these methods 
were moderately validated and did not seem to reach very high accuracy. In this 
study we used a digital video image analysis system (VIDAS) to quantify cartilage 
erosions and formation of osteophytes in the whole knee joint of mice with 
collagenase-induced OA. We investigated whether quantification of cartilage loss 
and osteophyte size could be carried out reproducibly on whole knee joint sections. 
Moreover, we developed an overall OA score based on both cartilage loss and 
osteophyte size, which can be useful in evaluation of the effect of pharmaceutical 
interventions and other studies of the OA process. 
MATERIAL AND METHODS 
Material 
Histological sections of knee joints of male C57BL10 mice were used. Induction 
of OA in these mice was carried out by intra-articular injection of highly purified 
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bacterial collagenase (type VII, Clostridium histolyticum, Sigma, St. Louis, MO, 
USA) into the right knee joint. The mice were sacrificed and knee joints were 
isolated, fixed in 4% phosphate buffered formalin (pH 7.4) and decalcified in 
5% formic acid. Standard processing of the tissue in an automatic tissue processing 
apparatus was followed by embedding the samples in paraffin wax. Frontal sections 
were prepared (7 μϊή), fixed on slides and stained with safranin О and fast green. 
Figs. 1A. and IB show an overview of a normal knee joint and a joint with 
osteoarthritic changes. 
Fig. 1. A. Frontal section of a normal murine (С57ВІ.І0) knee joint. B. Frontal section of an 
OA murine knee joint 6 weeks after injection of 10 units bacterial collagenase. Cartilage loss and 
osteophytes on all locations (except at the lateral femoral condyle) are clearly visible. (Sections stained 
with safranin О and fast green). CI. Detail of the cartilage damage in the lateral tibial plateau. In the 
schematic drawing (C2) the original cartilage area is marked by a thick outline, the area of cartilage 
loss is shaded. P=patella, F=femur, T=tibia, CL = cartilage loss, LCL=osteophyte at insertion of 
lateral collateral ligament, LT = osteophyte at margin of lateral tibial plateau, MCL=osteophyte at 
insertion of medial collateral ligament, MF=osteophyte at margin of medial femoral condyle, 
MT=osteophyte at margin of medial tibial plateau, ML = lateral meniscus, CRL = cruciate ligament. 
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The digital image analysis system 
For quantification of the histological parameters we used the Video Image Digital 
Analysis System (VIDAS, Kontron Image Analysis Division, Zeiss, 
The Netherlands) running on a 80386 personal computer Images of histological 
sections were recorded using a Sony CCD/RGB colour video camera through which 
the images were displayed on a Nee Multisync 3D monitor By use of a computer 
mouse, a digitahzation tablet and on-line visualisation on a monitor, certain areas in 
the image of the histological section were marked by hand for quantification by the 
image analysis system 
Cartilage loss 
In this study cartilage loss is defined as the interruption of intact cartilage surfaces 
by fibrillation or erosions In histological material of OA knee joints the percentage 
of cartilage loss was determined Therefore an estimation was made of the virtual 
cartilage contour before damage had occurred, and of the area of cartilage which 
was lost (Fig 1С) The areas enclosed by the contours were calculated automati­
cally by VIDAS software, the percentage cartilage loss was calculated afterwards 
by dividing the disappeared area and the intact area By measuring the lateral and 
medial cartilage areas of femur and tibia separately, four percentages of cartilage 
loss were obtained for each joint 
Osteophyte size 
In this study osteophytes arc defined as outgrowths of bone and cartilage mainly 
occurring at the joint margins Osteophytes were observed at six different locations 
in the joint, four osteophytes at the medial and lateral joint margins of tibia as well 
as femur, and two osteophytes at the femoral insertions of the medial and lateral 
collateral ligaments (Fig 2) Osteophytes at the lateral femoral condyle appeared to 
occur in very few cases so that in the selected group of joints hardly no osteophytes 
were found on that location For this reason the lateral femoral condyle osteophyte 
was left out ol this study For quantification, the area ol each osteophyte was 
marked by use of the computer mouse (Fig 3) In case of osteophytes at the 
insertions of the collateral ligaments it was difficult to differentiate between 
previously present femoral bone and newly formed bone of the osteophyte In those 
cases a dividing line parallel to the length axis of the femur was simulated between 
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the borders of the osteophyte with the original bone. The size of the osteophytes 
was measured as the area occupied by the osteophyte in /¿m2. 
Fig. 2. Schematic overview of a frontal section of the murine knee joint. 
In this figure the location of osteophytes is indicated P=palella, 
F=femur, T=tibia, lei=osteophyte at insertion of lateral collateral 
ligament, If = osteophyte at margin of lateral femoral condyle. 
It=osteophyte at margin of lateral tibial plateau, mcl=osteophyte at 
insertion of medial collateral ligament, mf=osteophyte at margin of 
medial femoral condyle, mt = osteophyte at margin of medial tibial 
plateau 
Reproducibility of measurements carried out by image analysis 
Normal joints 
In histological sections of 10 normal (left) knee joints, intact cartilage areas were 
measured to determine the variability of measurements. For each joint, 
measurements were carried out for 3 sections with good morphology, after which 
an average value per joint was determined. 
Osteoarthritic joints 
In sections of 23 knee joints, 6 weeks after injection with collagenase, the amount 
of cartilage loss in the joint and the size of osteophytes were analyzed. For each 
knee joint, the different parameters were measured in one histological section. Knee 
joints that did not show degenerative changes were also taken into account so that a 
representative sample of the available histological material was drawn. 
The used histological material of OA knee joints showed cartilage erosions that 
varied in prevalence for the different cartilage areas. Percentages of cartilage 
erosion varied between 2% and 100% damage with the highest amount of cartilage 
loss on the medial tibial plateau. Osteophytes were observed in more than 95% of 
the joints. Osteophytes on the medial side of the joint were more evidently present 
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than lateral osteophytes. In all cases more than one osteophyte was observed in 
each joint. 
Statistical analysis 
For determination of intra-observer reproducibility 
measurements carried out by one observer at two time 
points (t, and t2), intervals of minimal one week apart, 
were compared. Determination of inter-observer 
variability is carried out by comparison of 
measurements made by the different observers 
at one time point. One way ANOVA (intra-observer 
reliability) and two way ANOVA (inter-observer 
reliability) were used to calculate the intra-
class coefficient of reliability 'R'. The intra-class 
coefficient of reliability, is defined as the proportion 
of variance of an observation due to object-to-object 
variability in error-free scores. 
Fig. 3. Detail of osteophytes at 
In this study R is used as a measure of the margin of the medial femoral 
reproducibility. Values of R equal or greater than condyle (MF) and at the femoral 
_ _ , . . . , . „ insertion site of the medial 
0.75 can be interpreted as representing an excellent
 collateml ligammt (MCL) Пе 
reliability, values between 0.4 and 0.75 represent fair outlines of osteophytes are 
reliability, while values below 0.4 represent poor mar e y arrom-
reliability of the measurements. 
The lower limit of the 95% confidence interval for R is determined for intra- and 
inter-observer comparisons to indicate the limits of uncertainty concerning the 
degree of reliability present in the data. A small confidence interval with the lower 
confidence limit close to 1.0 (maximal value for reliability) indicates an excellent 
reliability of the measurements. When the lower limit is far below R, the value of 
R is less reliable. In theory it is possible to calculate negative values for R. Because 
of R being an estimation of reliability negative values are not realistic. This also 
counts for the lower limit of the confidence interval. Despite this, negative values 
are mentioned in this manuscript because the extent of the values gives an 
indication of accuracy of the estimators which is of importance for interpretation. 
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Method for representative measurement of OA lesions in whole murine knee 
joints 
When a murine knee joint is sectioned completely, about 200-250 sections of 
7 μΐη thickness will be obtained One out of 10 sections is placed on a slide and 
stained with safranin O, resulting in 20 sections per joint In 12 knees with lesions, 
the percentage cartilage loss in lateral and medial tibial plateau and the size of 
osteophytes at margins of medial femur and tibia, lateral tibia and at the femoral 
insertions of lateral and medial collateral ligaments were quantified The results 
were expressed as average amount of cartilage loss and average osteophyte size per 
section Measurements in all 20 sections were compared with measurements in half 
of the sections, using every other section, by use of an ANOVA-test Because 
measuring a large number of sections is laborious and expensive, we tested the 
possibility of reliable quantification of OA lesions using only a limited number of 
sections (3) per knee 
Development of an overall OA-score 
An overall OA-score is calculated as a combination of the average amount of 
cartilage damage in lateral and medial tibial plateau and the average size of 
osteophytes at tibial and femoral joint margins and at the femoral insertion sites of 
collateral ligaments 
As an example of the usefulness of the overall OA-score, we compared two 
groups of collagenase-injected mice OA lesions between these groups were 
globally estimated to be different, but no significant differences could be detected 
comparing the quantified values of the separate OA characteristics Separate and 
overall OA-scores of the two groups were evaluated using Wilcoxon's signed 
ranksum test 
RESULTS 
Reproducibility of measurements 
The amount of cartilage erosions and osteophyte areas were measured in a single 
histological section per joint at two time points by each ot two independent 
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observers (Tables 1 and 2). The coefficients of reliability for intra-observer 
variability did not differ significantly between the two observers. Therefore the 
coefficients of only one observer are presented here. Inter-observer comparisons did 
not show significant differences between measurements on two different time 
points. Therefore, the results of comparisons at one time point are presented. 
Table I. Reliability of measurement of areas of intact cartilage (A) and damaged cartilage (B) Intra-
class coefficient of reliability R as a measure for intra-observer variation (t, vs t¡) and inter-observer 
variation {obs, vs obsj with lower limit of its confidence interval are presented for measurements of 
intact and damaged cartilage areas n=number of joints used for the comparisons, Tm=medial tibial 
plateau, Tl=lateral tibial plateau, Fm= medial femoral condyle, Fl=lateral femoral condyle 
A 
В 
Tm 
Tl 
Fm 
Fl 
Tm 
TI 
Fm 
Fl 
π 
10 
10 
10 
10 
12 
13 
10 
6 
R 
0.87 
0 74 
0 95 
0 83 
0 62 
0 92 
0 21 
0 55 
ti v s t2 
R > 
0 66 
0 37 
0 88 
0 56 
-0 01 
0 85 
-0.52 
-0 23 
obs. 
R 
0.60 
0 53 
0 67 
071 
0 89 
0 80 
0 40 
0 13 
vs obSj 
R > 
0.03 
-0 11 
-0 08 
0.19 
0 66 
0 62 
0 05 
-0 42 
Determination of intact cartilage areas from 10 normal joints shows fair to 
excellent reliability for intra-observer as well as for inter-observer comparisons 
(Table 1A). Measurement error introduced by the observers in combination with the 
used computer system is small. 
Measurements of cartilage erosions in 23 joints after collagenase injection, 
expressed as percentage of cartilage loss, appear to be reproducible (table IB). 
Intra-observer as well as inter-observer variation is small. Measurements of 
cartilage erosions on the femoral condyles show poor reliability for intra- as well as 
for inter-observer comparisons. 
Area measurements of osteophytes (in 23 collagenase-injected joints) prove to be 
highly reproducible (Table 2). Intra-observer comparisons as well as inter-observer 
Quantification of morphometry changes 49 
comparisons show little differences between measurements done at various time 
points or by various observers. 
Table 2. Reliability of measurement of osteophyte areas Intra-class coefficient of reliability R given as a 
measure for inlra-observer variation (t, vs t¡) and inter-observer variation fobs, vs obsj with lower limit 
of its confidence interval are presented for measurements of area of osteophytes η = number of joints in 
which the osteophyte is observed, MCL, LCL = osteophytes at insertion of respectively medial and lateral 
collateral ligament at the femur, MF=osteophyte at the margin of the medial femoral condyle, MT, 
LT = osteophytes at margins of respectively the medial and lateral tibial plateau 
η t, vs t2 obs, vs obs2 
16 
14 
12 
11 
12 
R 
0 97 
0 94 
0 95 
0 94 
0 94 
R > 
0 93 
0 86 
0.87 
0 85 
0.74 
R 
0 92 
0 92 
0 89 
0 80 
0 84 
R > 
081 
0 79 
0 70 
0 52 
0 62 
Method for representative measurement of OA lesions in murine knee joints 
The objective in quantitative grading of histological parameters of OA is to give a 
score of cartilage loss or osteophyte size that is representative for the whole joint. 
Important factors herein are the number of sections used for determination of the 
amount of cartilage loss and osteophyte size and also the orientation in which the 
histological sections of the knee joint are made. Because of the focal character of 
OA lesions, the number of sections used for measurements may also affect the 
reliability of the quantitative scores. The advantage of using an OA model in the 
mouse is that the whole joint is easily available for histology. 
The results of measurements in 20 sections (66 μπι apart) were compared with 
measurements in every other section (resulting in 10 sections). Using the series of 
10 sections, lesions smaller than 133 μπι (the distance between 2 successive 
sections) may be missed. Furthermore, 3 section (133 μπι apart) from the middle 
part of the joint were measured. Macroscopic examination of knee joints revealed 
that the middle part of the murine knee joint is indicated by a wedged shape of the 
menisci leaving the central part of the tibial plateau uncovered (own observations). 
No major differences were found between measurements of cartilage loss and 
osteophyte size at the margins of tibial plateaus in 20, 10 and 3 sections, although 
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Table 3. Comparison of measurements of cartilage damage in the tibial plateau and osteophyte sizes in 
20 histological sections (spread out over the entire joint, spaced 63 цт apart), 10 sections (spread out 
over the entire joint, spaced 133 μτη apart) and 3 sections (from the middle part, judged by menisco! 
shape, spaced 133 μ/л apart) Cartilage loss and osteophyte sizes are presented as mean of the 
measured sections of 12 joints * significantly different (p < 0.05) 
Cartilage damage 
(%) 
Osteophyte sizes 
(Mm') 
Tibia medial 
Tibia lateral 
Lateral collateral 
ligament 
Medial collateral 
ligament 
Medial femur 
Lateral tibia 
Medial tibia 
20 sections 
10 ± 12 
9 + 8 
47 ± 46 
141 ± 35 
125 + 72 
34 ± 30 
135 ± 82 
10 sections 
9 ± 10 
9 + 8 
43 ± 50 
160 ± 41 
116 ± 56 
33 ± 32 
133 ± 79 
3 sections 
15 ± 17 
11 ± 11 
85 ± 87 
296 ± 78* 
156 + 106 
56 ± 67 
174 + 127 
the values were almost always higher when measuring 3 sections (Table 3). In some 
cases, the amount of cartilage damage and the mean size of certain osteophytes 
were up to two times larger when measured in 3 sections from the middle part of 
the joint. Cartilage damage and osteophytes are predominantly located in the middle 
part. But the osteophytes at the insertion site of the collateral ligaments appeared to 
be larger when measured in 3 sections compared to measurement in 10 or 20 
sections (significant for osteophyte at the medial collateral ligament). This is most 
likely due to the fact that the insertion site of these ligaments, and consequently the 
osteophyte is mainly located in the middle part of the joint. The average of 3 
sections of the middle part will therefore show a larger osteophyte than the 
averages of the sections spread over the whole joint. 
Development of an overall OA-score 
Quantification of histological changes provides us with several separate values of 
cartilage loss and osteophyte size for each knee joints. To be able to evaluate OA in 
modulation studies, a total OA-score, which contains information about both 
cartilage damage and osteophyte formation, would be helpful. As a part of this 
study we developed and tested the use of such a 'total OA-score'. 
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To allow combination of the sizes of cartilage damage and osteophytes, both 
cartilage loss and osteophyte size were presented as percentages of defined 
'standard-values'. For these 'standard-values', 3 histological sections of knee joints 
from 5 experiments (total 54 mice) using C57BL10 mice 6 weeks after injection of 
10 units collagenase were used. The average values for cartilage damage and 
osteophyte size were calculated and presented in Table 4. Cartilage loss and 
osteophyte size in the joint of each individual mouse can be presented compared to 
these 'standard-values'. For example, a score of cartilage loss of <100% means 
that the average cartilage loss in medial and lateral tibial plateau of that mouse is 
less than the 'standard-value' of average cartilage loss in C57BL10 mouse after 10 
units collagenase injection. 
Global histological evaluation indicated differences between two groups of mice 
injected with collagenase. However, no significant difference was found comparing 
the separate quantified О A characteristics. We calculated for each mouse the total 
cartilage loss score, the total osteophyte score and the combined overall OA-score, 
using the defined 'standard-values' (Table 4). The total scores of cartilage loss and 
osteophytes and the overall OA-score were calculated by combination of scores. 
Significant differences between group 1 and group 2 were only found in the size of 
the medial femoral osteophyte, using Wilcoxon's signed ranksum test on the 
individually quantified parameters. All other individual parameters (e.g. cartilage 
loss from medial and lateral tibial plateau, osteophyte size at margins of tibial 
plateau and at femoral insertion site of collateral ligaments) showed no significant 
differences between both groups. Using the total OA-scores, however, group 2 
showed to have significantly more severe OA-lesions (p<0.02) than group 1. 
In this study we validated a method for quantification and evaluation of 
histological changes characteristic for OA. The most prominent histological features 
of О A are loss of cartilage and formation of osteophytes. In О A research 
histological parameters are scored most times qualitatively or semi-quantitatively, 
scoring methods with disadvantages of subjective influences in grading and a 
limited number of grades that can be given. To avoid these problems we used a 
computer system for digital image analysis to develop a scoring system that can be 
applied for quantitative grading. 
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Table 4. The amount of cartilage loss and the size of osteophytes 6 weeks after injection with 
collagenase in two groups of 10 mice Results are presented as percentages of a 'standard-value' 
(average value determined from the parameters of 5 experiments with a total of 54 mice) 
ι "Standard ι Group 1 ι Group 2 
ι values"* ι (% of standard-values) ι (% of standard-values) 
! 4 2 + 4 2 Cartilage loss ι 19 ± 12 % ι 89 ± 100 
lateral tibia ι ι 
Cartilage loss ! 1 8 + 1 3 % ! 6 7 + 1 6 1 
medial tibia ι ι 
1 78 + 121' I" 
I 189 + 139 
| 116 ± 801 
Osteophyte 
LCL 
Osteophyte 
MCL 
Osteophyte 
MF 
Osteophyte 
LT 
Osteophyte 
MT 
! 184 + 62μπι 2 ! 80 ± 63 
! 337 ± 99 μπι2 ! 78 + 68 
! 148 + 87 μπι2 ! 39 + 14 
I I 
! 107 ± 35 μπι2 ! 65 + 50 
! 221 + 120 um2 ! 49 + 84 
I I 
I I 
I I 
62 ± 442 ¡ 
I 150 ± 35 
I 
I 
I- 1 
! 123 + 19 
I 
I 
μ 1 
143 + 83 143 + 512 
μ 1 
! 116 + 57 
I 
I 
μ 1 
! 185 + 130 
Total OA-
Score 
70 + 80° i 130 + 553 
1
 Cartilage score representing the mean ( + SD) of the cartilage loss in medial and in lateral tibial 
plateau in 10 mice, presented as percentage of a 'standard-value'* 
:
 Osteophyte score representing the mean (±SD) of the size of osteophytes at the margins of tibial 
plateau, the margin of the medial femoral condyle and the femoral insertion sites of the collateral 
ligaments, in 10 mice presented as percentage of a 'standard-value'* 
1
 Total OA-score representing the mean ( + SD) of cartilage score and osteophyte score in 10 mice 
* 'Standard-value' of a parameter the average for this parameter, determined out of 5 experiments (total 
54 mice) with C57BL10 mice injected with 10 U collagenase 
DISCUSSION 
The presented results show that image analysis proves to be a useful method to 
quantify morphometric changes in OA. Intra- as well as inter-observer variation in 
measurements proved to be small for both cartilage erosions and osteophyte 
formation. For the development of the method to score OA changes on histological 
sections of murine knee joints, we focused on quantification of cartilage damage in 
the tibial plateau and the sizes of five different osteophytes Measurement of 
cartilage erosions on the femoral condyles appeared to be difficult (resulting in 
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smaller coefficients of reliability) probably because of the concavity of the condyles 
or because of indistinct borders of cartilage area on the femoral bone margins. 
The knee joints used in this investigation were taken at random from a large 
group of experiments performed previously. This group shows variable prevalences 
and severities of cartilage erosions and osteophyte formation. The lower the 
prevalence of a parameter, the more difficult it is to determine a representative 
value of R because of the small group of cases that can be included for calculations. 
We chose for this experimental set-up because we aimed to develop a measuring 
system that can be used for description of all stages of murine OA and not for a 
selected group of joints with extreme or minimal cartilage erosions or osteophyte 
formation. Despite the variability in degree of OA we have been able to show the 
reproducibility of measurements of cartilage loss and osteophyte area with our 
quantification method. 
Performance of standardized histology in our laboratory means that 6-7 sections, 
spaced 133 μτη apart, per knee joint are placed on slides and stained with 
safranin O. These sections originate mainly from the middle part of the knee as 
judged by the wedged shape of the menisci. OA changes in this model are mostly 
located in the middle and posterior part of the joint (own observations). 
Measurements in 3 representative sections, located in the middle part of the joint as 
indicated by the shape of the menisci, appeared to provide a good measure for 
cartilage loss and osteophyte sizes in the entire joint. 
Another factor that could be of influence in obtaining a representative value of 
cartilage loss and osteophyte size is the orientation of sectioning. However, 
histological sections can be prepared so standard that large differences in orientation 
of sectioning hardly happened. Studying the effects of orientation of sectioning, we 
did not find important effects of different orientations on histological parameters 
(unpublished observations). 
Good examples of investigations where a quantification system can be useful, are 
evaluation of pharmaceutical interventions of OA and studies concerning the often 
discussed relationship between cartilage erosions and osteophyte formation. Because 
simultaneous interpretation of 7 parameters is difficult, the use of an overall 
OA-score for the entire knee can be useful in these cases. Besides, the variation 
between mice of one group becomes lower when a combination of different 
parameters is used compared to a single parameter. Therefore, using a total 
OA-score facilitates comparison of different groups. The total OA-score is 
composed of a cartilage score and an osteophyte score. The cartilage score and the 
osteophyte score are both calculated as percentages of standard-values, and will 
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usually be of comparable magnitude. Both scores therefore have an equal share in 
the overall OA-score. Preliminary studies have shown that the amount of cartilage 
damage and the size of osteophyte formation indeed are correlated (data not 
shown). It is possible, however, that by performance of modulation studies using 
drugs, the amount of cartilage loss is diminished whereas the size of osteophytes 
remains unchanged (26,27), or vice versa. In these cases the total OA-score can be 
separated easily in a cartilage and an osteophyte score, and even in 7 individual 
values, for eventual determination of specific effects of a drug on one parameter. 
In summary, in this study we aimed to quantify cartilage loss and osteophyte 
formation in OA by use of a digital image analysis system. Validation study of the 
quantifying system shows that, measurements of cartilage loss as well as 
measurements of area occupied by osteophytes can be carried out reproducibly in 
histological material. The availability of a quantitative scoring system provides a 
reliable measure for studies about the processes of cartilage erosions on one side, 
and formation of new bone on the other side and it provides a measure for adequate 
evaluation of modulation studies. 
Acknowledgments: The authors would like to thank Anke Olten and Ruud de Graaf of the department of 
Medical Statistics for their advice in the statistical part of this study 
Quantification of morphometnc changes 55 
REFERENCES 
1. Adams ME, Brandt KD: Hypertrophic repair of canine articular cartilage in osteoarthritis 
after anterior cruciate ligament transection J Rheumatol 1991, 18:428-35 
2. Almekinders LC, Logan TC: Results following treatment of traumatic dislocations of the knee 
joint Clin Orthop Rel Res 1992, 284: 203-7 
3. Altman RD, Tenenbaum J, Latta L, Riskin W, Blanco LN, Howell DS: Biomechanical and 
biochemical properties of dog cartilage in experimentally induced osteoarthritis Ann Rheum Dis 
1984, 43:83-90 
4. Arsever CL, Bole GG: Experimental osteoarthritis induced by selective myectomy and 
tendolomy Arthritis Rheum 1989, 29:251-61 
5. Brandt KD, Braunstein EM, Visco DM, O'Connor В, Heck D, Albrecht M: Anterior 
(cranial) eructate ligament transection in the dog: A bona fide model of osteoarthritis, not 
merely of cartilage injury and repair J Reumatol 1991, 18:436-46 
6. Buckland-Wright JC, Macfarlane DG, Lynch JA: Osteophytes in the osteoarthntic hand: 
their incidence, size, distribution, and progression Ann Rheum Dis 1991, 50:627-30 
7. Colombo C, Butler M, O'Byrne E, Hickman L, Swarzendruber D. Selwyn M, Steinetz B: 
A new model of osteoarthritis m rabbits I Development of knee joint pathology following lateral 
meniscectomy and section of the fibular collateral and sesamoid ligament Arthritis Rheum ¡983, 
26:875 86 
8. Dougados M, Gueguen A, Nguyen M, Thiesce A, Listrat V, Jacob L, Nakache J-P, 
Gabriel KR, Lequesne M, Amor B: Longitudinal radiologic evaluation of osteoarthritis of the 
knee J Rheumatol 1992, 19:378 84 
9. Grynpas MD, Alpert B, Katz I, Liebennan I, Pritzker KPH: Subchondral bone in 
osteoarthritis Cale Tiss Int 1991, 49: 20-6 
10. Hede A, Svalastoga E, Reimann I: Articular cartilage changes following memscal lesions 
Repair and meniscectomy studied in the rabbit knee Acta Orthop Scand 1991, 62:319-22 
11. Hernborg J, Nilsson BE: The relationship between osteophytes m the knee joint, osteoarthritis 
and aging Acta orthop scand 1973, 44:69-74 
12. Lane NE, Nevitt MC, Genant HK, Hochberg MC: Reliability of new indices of radiographic 
osteoarthritis of the hand and hip and lumbar disc degeneration J Rheumatol 1993, 20: 1911-8 
13. Lukoschek M, Schattier MB, Burr DB, Boyd RD, Radin EL: Synovial membrane and 
cartilage changes in experimental osteoarthrosis J Orthop Res 1988, 6:475-92 
14. McDevitt C, Gilbertson E, Muir H: An experimental model of osteoarthritis, early 
morphological and biochemical changes J Bone Joint Surg 1977, 59B: 24-35 
15. Moskowitz RW, Goldberg VM: Studies of osteophyte pathogenesis in experimentally induced 
osteoarthritis J Rheumatol 1987, 14:311-20 
16. Pond MJ, Nuki G: Experimentally-induced osteoarthritis m the dog Ann Rheum Dis 1973, 
32:387-88 
17. Schunke M, Tillmann В, Brück M, Muller-Ruchholtz W: Morphologic characteristics of 
developing osteoarthrotic lesions in the knee cartilage of STR/1N mice Arthritis Rheum 1988, 
31· 898-905 
18. Smith D, Braunstein EM, Brandt KD, Katz BP: A radiographic comparison of erosive 
osteoarthritis and idiopathic nodal osteoarthritis J Rheumatol 192, 19:896-904 
19. Van der Kraan PM, Vitters EL, van de Putte LBA, van den Berg WB: Development of 
osteoarthntic lesions in mice by "metabolic" and 'mechanical" alterations in the knee joints 
Am J pathol 1989, ¡35:1001-14 
20. Van der Kraan PM, Vitters El, Van Beuningen HM, Van der Putte LBA, Van den Berg 
WB: Degenerative knee joint lesions in mice after a single intra-articular collagenase injection 
A new model of osteo-arthntis J Experimental Pathology 1990, 71:19-31 
56 CHAPTER 3 
21. Van der Kraan PM, Vitters EL, van Beuningen HM, van den Berg WB: Proteoglycan 
synthesis and osteophyte formation in "metabohcally" and "mechanically" induced murine 
osteoarthritis. An in vivo autoradiographic study. J exp path 1992, 73:335-50 
22. van Osch GJVM, Blankevoort L, van der Kraan PM, Janssen В, Hekman E: AP-laxity 
change after collagenase injection in knees of mice correlates with incidence of osteoarthritis. 
Trans Orthop Res 1993; 18:284 
23. van Osch GJVM, van der Kraan PM, Vitters EL, Blankevoort L, van den Berg WB: 
Induction of Osteoarthritis by intra-articular injection of collagenase in mice. Strain and sex 
related differences Osteoarthritis and Cartilage 1993; 1:171-7 
24. Van Saase JLCM, van Romunde LKJ, Cats A, Vandenbroucke JP, Valkenburg HA: 
Epidemiology of osteoarthritis: Zoetermeer survey. Comparison of radiological osteoarthritis in 
a dutch population with that m 10 other populations Ann Rheum Dis 1989; 48:271-80 
25. Williams JA, Thonar EJ-MA: Early osteophyte formatton after chemically induced articular 
cartilage injury. Am J Sports Med 1989, 17:7-15 
26. Yu LP, Smith GN, Brandt KD, Myers SL, O'Connor BL, Brandt DA: Reduction of the 
severity of canine osteoarthritis by prophylactic treatment with oral doxycycline Arthritis Rheum 
1992; 35:1150-1159 
27. Yu LP, Smith GN, Brandt KD, O'Connor B, Myers SL: Therapeutic administration of 
doxyclycline (DOXY) slows the progression of cartilage destruction m canine osteoarthritis 
(OA). Trans Orthop Res 1993, 18:724 
57 
CHAPTER 4 
IN VITRO LAXITY-TESTERS FOR KNEE JOINTS OF MICE 
L. Blankevoort, G.J.V.M. van Osch, B. Janssen and E. Hekman 
Abstract: The knee joints of mice were used for the analysis of instability-induced 
osteoarthritis. Joint instability is induced by degradation of the collagen type I of 
the knee ligaments by injection of collagenase. For the purpose of quantifying the 
changes of knee joint laxity in vitro, three devices were developed, a positioning-
and cementing device, an anterior-posterior (AP) laxity tester and a varus-valgus 
(W) laxity tester. On the basis of the morphometry of the proximal femur three 
fixation points were selected for use in the position and cementing device. With this 
device clamping pins were attached to the proximal femur and distal tibia using 
PMMA. The clamping pins were used to fix the joint the AP- and W-testers. In 
both testers the load was applied through a spring and measured with load 
transducers whereby simultaneously the displacements were measured. The load 
displacement data were used to calculate laxity and compliance parameters. The 
performance of the testers were evaluated by testing 5 knee joints of 5 mice, 
alternatively in both testers. Total AP-laxity at ±0.8 N was 0.43 (±0.16) mm with 
compliances of 0.14 (±0.05) mm/N and 0.12 (±0.05) mm/N at 0.8 N posterior and 
anterior force respectively. Total W-laxity at ±4 Nmm was 17.2 (±2.6) degrees 
with compliances of 0.9 (±0.2) deg/Nmm and 1.0 (±0.4) deg/Nmm at 4 Nmm 
valgus and varus moment respectively. The variation of the laxity and compliance 
parameters of the test-retest procedure were smaller than the variation between the 
different joints. The bony deformation were negligible for the W-test and account 
for approximately 0.05 mm of the total AP-laxity, which will not affect the 
utilization of the device for comparative analysis using the same device. It is 
concluded that in vitro evaluation of AP- and W-laxity is feasible with sufficient 
accuracy for evaluation of changes after ligament damage. 
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INTRODUCTION 
Osteoarthritis is a progressive degenerative joint disease, characterized by focal 
loss of cartilage, formation of new bone at the joint margins and at the ligament 
insertion sites (osteophytes), fibrosis of the joint capsule and sclerosis of the 
subchondral bone. Joint instability, expressed as pathological joint laxity, is known 
to cause osteoarthritis. Recently Van der Kraan et al. (1990) developed a model for 
osteoarthritis in mice. One single intra-articular injection with highly purified 
bacterial collagenase caused histological changes which mimic those in human 
osteoarthritis. It was shown previously that collagenase does not have direct effects 
on intact articular cartilage (van Osch, 1994). 
It is hypothesized that collagenase induces joint instability by degradation of 
structures containing collagen type I, such as ligaments. Joint instability is well 
known to cause osteoarthritis in human as well as in animal models (Felson, 1990; 
Kannus and Järvinen 1988, 1989; Brandt et al, 1991; McDevitt et al, 1977). To test 
whether intra-articular injection with collagenase in murine knees induces an 
increase of joint laxity, a quantitative evaluation is needed of joint laxity. 
Standardized instrumented knee laxity tests have been successfully performed on 
human knees in vivo (e.g. Dahlkvist et al, 1990, Markolf et al 1978, 1984; 
Edixhoven et al 1987, 1989) and in vitro, and on the knees of rabbits (e.g. Ballock 
et al, 1989), dogs (e.g. Woo et al, 1987) and goats (e.g. Grood et al, 1992) in 
vitro. Two different tests are common; the anterior-posterior test to examine the 
function of the cruciate ligaments and the varus-valgus test to determine the 
function of the collateral ligaments. With these devices it is possible to examine 
which ligaments are damaged and to what extent they are damaged. 
The purpose of this study was to develop similar devices for evaluation of the 
laxity characteristics of murine knee joints in vitro. The correct position and 
orientation of the knee relative to the loading direction has proven to be very 
important for the laxity test (Woo et al, 1987, 1991). The main problem was the 
small size of the joints. Because of their small size, manual positioning of the 
murine knee joints in the testers is very difficult. Therefore, morphometric studies 
were performed and anatomic landmarks were determined for reproducible positio-
ning. Another difficulty for testing murine knee joints is that very small forces and 
displacements have to be measured, stressing the importance of minimization of the 
effects of friction forces. To estimate the loads and displacements to be expected, 
scaling methods were used for dimensioning the test devices. The devices 
developed were an AP-tester for evaluating anterior-posterior laxity, a VV-tester for 
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evaluating varus-valgus laxity and a separate device to assure standardized 
positioning of the knee joints in both devices. 
MATERIALS AND METHODS 
Morphometries and scaling 
The mouse strain used for studying the о — •; 
osteoarthritic process is C57Black (Van 
der Kraan, 1990). -t. 
In order to prevent dehydration of the 
knee joint the tissues surrounding the knee **• 
had to be kept intact, thus only the 
proximal part of the femur and the distal "*-
part of the tibia could be used for 
clamping the joint in the testers (Fig. 1). 
For evaluating the variations in size and Fig. 1- Two murine leg preparations with 
, . , cleaned proximal femur and distal tibia and 
geometry and to determine the anatomical
 fibula AU soft tissues awund the knee are kept 
landmarks for positioning, the right and intact. 
left femurs of 10 mice (age 10-14 weeks) were evaluated using a microscope. By 
manipulating the geometric contours in the frontal and sagittal planes, it was found 
that by using the head of femur, the third trochanter and the mid shaft diaphysis 
7 mm from the center of the head of femur as reference points, it was possible to 
position the femurs with a variation between the mice of 0.2 mm (SD) in the 
sagittal plane and 0.1 mm (SD) in the frontal plane at the level of the joint line 
(Fig. 2). 
The expected ranges of forces and motions for the laxity tests were estimated by 
scaling laws. It was thought that a comparison between humans and mice would be 
valid for a first order approximation. 
The scaling factor S is based on the characteristic lengths of the two species, 
according to S = l01 lm, with /0 the characteristic length of a human and lm the 
characteristic length of a mouse. By virtue of the assumed congruency, the scaling 
factor for the forces Sf = S
2
 and for the moments S
m
 = S3, to produce equal stress 
in the tissues. 
For the AP-tester the maximal force F and expected translation Τ must be 
specified. For human knees, the maximal force in the AP-tester was 250 N 
* > 
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Fig. 2. Tracings of the bony contours of 10 murine femurs as projected on the sagittal 
plane (top) and on the frontal plane (bottom) The head of the femur (A), the mid-shaft 
diaphysis (B) and the third trochanter (C) are at fixed positions resulting in small 
variations of position and orientation at the level of the knee joint Relative to the mean 
positions the standard deviations are a, = 0 20, σ2 = 0 22, σ3 = 0 1 ! 
producing anterior and posterior displacements of approximately 5 mm for normal 
knees and 15 mm for cruciate deficient knees (Edixhoven, 1987). Assuming the 
characteristic length of humans as 1750 mm and of C57black mice of 90 mm, the 
scale factor S equals 0.0514. The maximal AP force in murine knees can then be 
estimated at 0.66 N and the accompanying translation 0.026 mm for intact knees 
and 0.77 mm for damaged knees. Assuming VV-loads of 20ХІ01 Nmm 
(Markolf et al, 1978) the VV-moment in the murine knee will be 2.7 Nmm. Since 
rotations of murine knees are assumed to be similar to those of humans, varus or 
valgus rotation of the order of 10 degrees are expected for intact joints and of 
maximally 30 degrees for injured joints (Markolf et al, 1978). Just to be on the safe 
side, the AP-tester was designed to accommodate for loads of 1 N and 
displacements of 1 mm maximally in anterior and posterior direction. The VV-
tester was designed for VV-loads of 5 Nmm and rotations of maximally 45 degrees 
maximally, both in valgus and varus directions. 
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Positioning device and laxity testers 
The testers are based on gradual load 
application through a spring whereby 
simultaneously the load and the displacement 
are measured. Each tester has two degrees of 
freedom-of-motion, one is the displacement 
to be evaluated, i.e. anterior-posterior and 
varus-valgus respectively. The other degree 
of freedom-of-motion is the translation in the 
direction of the long axis of the tibia in order 
Fig. 3. Positioning and cementing device 
to prevent restraints occurring at the articular opened after cementing the bony ends to the 
contact to influence the measurements. In clamping pins which are connected to a 
bridge. 
the positioning and cementing device cams 
were used to position the femur and tibia prior to cementing the clamping pins to 
the proximal femur and distal tibia. These pins are used to clamp the limb in the 
testing devices. A metal bridge is fixed between the pins (Fig. 3) to facilitate 
manipulation, prevent loading of the knee joint and to help standardizing the 
position of the joint in the test devices. The positioning and cementing device is 
machined from aluminum (Fig. 3). Before use, it is greased to prevent sticking of 
PMMA to the device. Using the anatomical reference points on the femur, the limb 
is positioned in the device. The tibia is allowed free rotation with the knee in 
60° flexion. With a syringe the femur and tibia are potted in PMMA (Fastacryl*) to 
within approximately 8 mm from the joint line. The PMMA is injected in the 
direction along the long axis of the bone to prevent transverse forces on the knee 
joint. Together with femur and tibia, the clamping pins are potted in the PMMA, 
perpendicular to the long axis of each bone. 
The limb is clamped firmly in the AP-testing device (Fig. 4). Thereafter the 
bridge is removed and the knee joint is free to move in the AP-direction and along 
the long axis of the tibia. By rotating a spindle manually and loading a spring, 
forces are applied in anterior and posterior direction relative to the tibia. Using this 
spring (a wire of 0.6 mm diameter), a smooth application of AP forces was 
obtained, whereby torsional and shear loading of the bearings and the force 
transducer is prevented. The forces are transmitted through a linear bearing which 
is attached to the tibia. The forces applied range from 1 N anterior to 1 N posterior 
and are measured with a highly sensitive and accurate strain gauge type force 
transducer (Sensotec type 8432-2,5N) which is attached to the roller-bearing. 
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The AP-displacement between distal femur and proximal tibia (with a maximum of 
1.27 mm anterior and posterior) is measured with a LVDT type translation 
transducer (Trans-Тек type 87240-000/87c04-000). The friction in the linear 
bearing is 0.02 N, as was evaluated by measuring the loads when moving the 
AP-tester without a knee. 
Fig. 4. AP-laxity lester A spindle, В displacement rig, С load application spring, D load transducer, 
E displacement transducer, F low-friction linear bearing, G fixation clamps, H knee specimen 
The clamps of the VV-tester (Fig. 5) hold the knee in the same position as in the 
AP-tester. The knee joint is free to rotate in the VV-direction and free to translate 
along the long axis of the tibia. Moments ranging from 5 Nmm varus to 5 Nmm 
valgus are applied to the tibia through a spring (0.55 mm diameter) by rotating a 
gear-wheel through a spindle. The friction in the system is 0.1 Nmm. Rotations of 
the tibia are measured with a rotary encoder (Heidenhain ERO 1450) and a 
PC-interface (Heidenhain IK 120). The main problem was the lack of a moment 
transducer with sufficient accuracy. Therefore use was made of a strain gauge type 
force transducer (Sensotec type 8432-0.5N) placed on an arm of 22 mm. 
In each tester the knee is preconditioned by applying five full loading-cycles. 
Then, for two full loading cycles the load and displacement are measured. After 
amplification and AD conversion at 100 points the data are registered and stored on 
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Fig. 5. W-laxity tester A. spindle, В rotation rig; C: load application 
spring; D: load transducer (load times moment arm gives the applied 
moment); E. rotation transducer (shaft encoder), F· low-friction bearings; 
G: fixation clamps; H knee specimen 
a personal computer for further analysis. The testing time for the two cycles is 100 
seconds. After testing in one device, the limb is moved to the other device. For this 
purpose the metal bridge between the pins is reconnected prior to removing the 
joint from the one tester and before moving it to the other tester. 
Parameter analysis 
The load-displacement curves obtained were non-linear, representing a relatively 
low stiffness of the knee around zero load, increasing progressively with load in 
both directions (Fig. 6). Due to energy dissipation within joint structures 
(hysteresis), a difference exist between motion from anterior to posterior (or varus 
to valgus), represented by the upper branch, and motion from posterior to anterior 
64 CHAPTER 4 
(or valgus to varus) represented by the lower branch (Fig. 6). In a similar fashion 
as was done previously by Edixhoven et al. (1987) for AP-laxity testing of human 
knees, each load displacement curve was characterized by the total laxity value at a 
certain load level, the laxity in each direction and the compliance in each direction 
for the load levels (Table 1). These values are calculated from two complete cycles 
of anterior-posterior or varus-valgus laxity. The values are obtained from 
linearization of the curve segments with respect to intervals around the force values 
of ±0.15 N and around the moment values of +0.55 Niran (Fig. 6) by using 
distribution-free estimation methods (Theil, 1950). The compliance is the inverse of 
the stiffness. 
Fig. 6. Antenor-postenoT and varus-valgus 
laxity curves of a normal murine knee The 
vertical dashed lines indicate the interval 
used to calculate the laxity and compliance 
values 
Jdeg.l 
-2 0 
[Nmm] 
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Table 1. List of laxity parameters characterizing the load-displacement data for the AP-tesl and the 
W-test. 
AP-test 
Shift 
S_0 8 [mm] the average shift (lower and upper branch together) 
for a posterior force of 0.8 N, relative to the lower 
branch position at zero force 
S 0 8 [mm] as S.08, but at a force of 0.8 N anterior 
T S 0 8 [mm] the total shift between 0.8 N posterior force and 
0.8 N anterior force 
Compliance 
apC0 [mm/N] the average compliance of lower and upper branch 
at zero force 
apCL0 8 [mm/N] the average compliance (lower and upper branch 
together) at a force of 0.8 N posterior 
a p C + 0 g [mm/N] as apC 0 8 but at a force of 0.8 N anterior 
VV-test 
Rotation 
R_4 [c] the average rotation (lower and upper branch 
together) for a valgus moment of 4 Nmm, relative 
to the lower branch position at zero moment 
R+4 [°J as R_4, but at a moment of 4 Nmm varus 
TR4 [°] the total rotation between 4 Nmm varus moment 
and 4 Nmm valgus moment 
Compliance 
V V C 0 [°/Nmm] the average compliance (slope) of the upper and 
lower branch at zero moment 
V V C _ 4 [° /Nmm] the average compliance (lower and upper branch 
together) at a moment of 4 Nmm valgus 
v v C + 4 [° /Nmm] as VVC_4 but at a moment of 4 Nmm varus 
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Experiments 
For performance of the laxity tests, murine hind limbs were carefully isolated by 
disarticulation of the hip joint, thereby preventing overloading of the knee joint. 
The foot was removed at the ankle joint and all soft tissues were removed from 
femoral and tibial diaphysis to approximately 5 mm from the joint line (Fig. 1). 
Special attention was given to cleaning of the reference points. All tissues except 
for the skin were kept around the knee joint to prevent dehydration of the 
ligaments. 
To determine the variation in stiffness and laxity parameters between mice, 5 knee 
joints of 5 mice were tested and the above described laxity parameters were 
calculated from the load-displacement data. 
The procedure of moving the limb between the testers was verified by 
alternatively testing 5 limbs in the AP- and the VV-tester three times. Results of the 
first, second and third test were compared. 
The testers were meant to measure the motion of the tibia relative to the femur at 
the level of the knee joint. However the deformation of bones contribute to the 
displacement measured. In order to quantify this effect, the laxity tests were 
performed on five isolated tibias and femurs. For this purpose the tibia was in its 
original position and the proximal part of the tibia was fixed relative to the base of 
the tester. For the femur the same test was performed, except that the femur was 
placed in the tibia clamp. The displacement as functions of the applied load would 
be due only to the deformations of the bone caused by bending. 
RESULTS 
Normal knees showed a relatively high AP-compliance of the knee around zero 
force, increasing to low compliance at high anterior and posterior forces. The 
average total AP-shift of a normal murine knee joint between 0.8 N anterior and 
0.8 N posterior force was 0.43 +0.16 mm. The interindidividual variation in zero-
compliance was considerable. The AP-laxity characteristics of the 5 normal knee 
joints are presented in Table 2A. 
The VV-compliance around zero moment is relatively high. At high varus and 
valgus loads the compliance is about seven times lower. The average total varus-
valgus rotation of a normal murine knee joint between 4 Nmm varus and 4 Nmm 
valgus moment was 17.2 ±2.6 degrees. As for the AP-tester the variation of the 
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zero-compliance is relatively high. The VV-laxity characteristics of the 5 normal 
knee joints are presented in Table 2B. 
Table 2. In vitro laxity characteristics of 5 normal murine knees (2 right and 3 left knee joints) 
A. Anterior-posterior laxity B. Varus-valgus laxity 
A. AP 
^ 0 8 
^ + 0 S 
1 \ s 
a p
c 0 
app 
^ - 0 8 
app 
wog 
В. vv 
R , 
R
 + 4 
TR< 
v v
c „ 
" С
 4 
v v
c + 4 
laxity 
-laxity 
Mean + SD 
0 18 + 0 06 
0 25 ± 0 11 
0 43 ± 0 16 
0 58 ± 0 36 
0 14 ± 0 05 
0 12 ± 0 05 
4 5 ± 1 1 
12 7 + 3 1 
17 2 ± 2 6 
7 5 ± 2 6 
0 9 + 0 2 
1 0 + 0 4 
[mm] 
[mm] 
[mm] 
[mm/N] 
[mm/N] 
[mm/N] 
Π 
Π 
[°] 
[°/Nmm] 
[°/Nmm] 
[°/Nmm] 
Alternate testing of limbs in both testers did not influence the laxity parameters. 
The difference between the alternate tests was about zero for all parameters, 
although the variation in varus-valgus parameters was higher than the variation in 
anterior-posterior parameters (Table 3). 
In the AP-tester the total deformation of the tibia was 0.03 mm at an anterior 
force of 0.8 N and 0.02 mm at a posterior force of 0.8 N. The deformation of the 
femur was 0 03 mm to anterior and 0 02 mm to posterior. According to the 
specifications of the load cell, about 0.008 mm in each direction is explained by the 
deflection of the load cell which is located between the leg specimen and the 
displacement transducer. The remaining deformation is caused by bending of the 
bones. Hence a part of the motion measured in the intact limbs is not due to 
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translation of the tibia relative to the femur at the level of the knee. This effect will 
not influence the relative laxity variations between joints 
Table 3. Mean absolute differences of the laxity parameters between the first and second test after 
repositioning the joint Differences between second and third tests are similar Mean ± SD of 5 joints 
A. AP-laxity 
S-o« 
S + o e 
TS08 
a p
c 0 8 
W 0 8 
B. VV-laxity 
R-„ 
R+„ 
TR_„ 
" C _ 4 
v v
c , 4 
Mean +SD 
0 00 + 0 02 
0 01 + 0 03 
0 01 ± 0 03 
0 02 + 0 02 
0 02 ± 0 01 
-0.89 ± 1 04 
-0 13 ± 1.12 
-0.93 + 0.49 
0 07 + 0 24 
-0 21 + 0 42 
[mm] 
[mm] 
[mm] 
[mm/N] 
[mm/N] 
Π 
π 
π 
[°/Nmm] 
[°/Nmm] 
In the VV-tester the motion due to deformation of the bones was negligible, less 
than .01°, indicating that practically all motion measured represents rotation of tibia 
relative to femur at the joint level. In the VV-tester, the deflection of the load cell 
does not affect the rotation measurement because the shaft encoder is located 
between the load transducer and the leg specimen. 
DISCUSSION 
Measurement of laxity of murine knee joints in vitro, implying small forces and 
displacements, was shown to be possible with sufficient accuracy. The variation of 
the laxity parameters was small by virtue of the careful positioning of the limbs 
using, the special positioning- and cementing device. The positioning can be 
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performed in a standardized way, because the variation in morphometry in mice 
with age 10-14 weeks appeared to be small. Also the use of inbred strains has a 
positive effect on the homogeneity of the morphology of the bones, which is 
essential for reproducible joint positioning. 
The shapes of the laxity curves resemble those of human knee joints (Edixhoven 
et al, 1987, 1989). With the use of scaling laws it appeared to be very well possible 
to predict the magnitude of forces and displacements to be expected in the murine 
knee joint. 
The bony deformations during testing are negligible for the VV-test. For the 
AP-test however, the bony deformations measured indicate that the laxity values are 
slightly overestimated by the tester. When assuming that the bony deformations do 
not change, the comparative effects of interventions on joint laxity can be evaluated 
by the AP-tester. In view of this, no attempt was made as yet to correct for the 
bony deformations. 
The choice of the zero points for analysis of AP-translation and VV-rotation is 
arbitrary. For AP-tests the translation where the force is zero when moving the 
tibia from posterior to anterior is chosen as a reference point. For VV-rotation the 
zero moment when moving the tibia from valgus to varus direction is chosen as a 
reference point. This means that caution is needed for statements about absolute 
amount of laxity or about comparison of laxity in different directions. 
With these devices it now is possible to study more precisely the effects of 
collagenase on joint laxity and the correlation with osteoarthritic-like changes 
occurring over time. More generally, the effects on the laxity characteristics of any 
intervention in the murine knee joint can be evaluated. This includes the effects of 
chemicals to initiate pathogenetic processes, surgical interventions, pharmaceutical 
interventions and immobilization of the joint. 
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CHAPTER 5 
LAXITY CHARACTERISTICS OF NORMAL AND 
PATHOLOGICAL MURINE KNEE JOINTS IN VITRO 
G.J.V.M. van Osch, L. Blanke voort, P.M. van der Kraan, 
В. Janssen, E. Hekman and W.B. van den Berg 
Abstract: The aim of this study was to validate a previously developed device to 
measure joint laxity of murine knee joints, and to investigate whether 
experimentally-induced pathological conditions manifest measurable joint laxity 
Laxity characteristics of a normal murine knee joint were derived from 
measurements of 25 left knees of normal mice Reproducible, non-linear S-shaped, 
load-displacement curves were measured, from which translation, rotation and 
stiffness parameters were calculated No difference was found between left and right 
joints of mice The average displacement between 0 8 N anterior force and 0 8 N 
posterior force was 0 47 ±0 10 mm The endpoint compliances for anterior 
and posterior displacements were 0 16 ±0 03 mm/N and 0 16 ±0 04 mm/N 
respectively The average rotation between 4 Nmm valgus moment and 4 Nmm 
varus moment was 17 4 ±3 3 degrees The endpoint compliances for varus and 
valgus rotations were 11 ±0 7 deg/Nmm and 1 0 ±0 3 deg/Nmm respectively 
Storage of joints at -70°C had no effect on laxity characteristics 
We studied laxity parameters after induction of knee joint pathology Zymosan-
induced or antigen-induced arthritis did not influence laxity characteristics In an 
osteoarthritis model, induced by injection of collagenase, laxity was markedly 
increased 
It can be concluded that laxity m knees of mice can be measured reproducibly and 
that changes in laxity characteristics due to pathological conditions can be 
quantified 
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INTRODUCTION 
Osteoarthritis is a progressive degenerative joint disease, characterized by focal 
loss of cartilage, formation of new bone at the joint margins, fibrosis of the joint 
capsule and sclerosis of the subchondral bone. The etiology of the disease is 
thought to be multifactorial. Joint laxity is well known to be involved in the 
development of osteoarthritis in humans as well as in animal models (1,3,4,11, 
13-18,22,24,25). Recently van der Kraan et al. (29) developed a model for knee 
osteoarthritis in mice. One single intra-articular injection with highly purified 
bacterial collagenase caused histological changes which mimic those in human 
osteoarthritis. In an early stage, histology shows damage of ligaments but not of 
cartilage. We hypothesize that osteoarthritic changes are due to collagenase-induced 
joint laxity caused by degradation of structures containing collagen type I, such as 
ligaments. In human, overloading as may occur in traumatic events, can lead to 
damaged ligaments. Joints with chronic arthritis often show OA-like changes. It is 
possible that the bulk of mediators and enzymes released in arthritic conditions lead 
to ligament damage. 
To investigate the relationship between joint instability and resulting osteoarthritic 
changes knee laxity should be measured. In analogy with standardized instrumented 
knee instability tests which have been successfully performed on human knees in 
vivo and in vitro, and on rabbit, canine and goat knees in vitro 
(2,5,7,9,12,19,21,23,31), an anterior-posterior and a varus-valgus tester were 
developed for the murine knee (manuscript submitted). 
In this study we validated the developed device and investigated the possibility to 
quantify laxity changes in normal and pathological murine knee joints. The amount 
and variation of anterior-posterior and varus-valgus laxity characteristics of normal 
murine knee joints in vitro is examined. We studied the variation between 25 
normal left knees, the variability between left and right knees, and the effect of 
storage at -70°C. To test the effect of ligament damage on joint laxity, ligaments 
were transected and joint laxity was measured. In addition, we measured the effects 
of acute inflammation induced by zymosan injection, chronic antigen-induced 
arthritis and the effect of collagenase injection on joint laxity to investigate the 
possibility of quantification of laxity changes in experimentally induced pathological 
joint conditions. 
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MATERIALS AND METHODS 
Animals 
Male C57Black mice (age 10-14 weeks, weight 25 gram) were used. The animals 
were kept in cages with a woodchip bedding in an air-conditioned room. They were 
fed a standard laboratory diet (Hope Farms, Deventer, The Netherlands) and 
acidified water ad libitum. 
Dissection 
For performance of the laxity tests, murine hindlimbs were carefully isolated by 
disarticulation of the hip joint, thereby preventing overloading of the knee joint. 
The foot was removed at the ankle joint and all soft tissues were removed from 
femoral and tibial diaphysis, except around the knee joint (approximately 5 mm 
from the joint line in both directions) where tissue is left to prevent dehydration of 
the joint structures. The limbs were stored in air-tight tubes at either 7°C when 
stored for two days at most or at -70°C when stored for a longer period of time. 
After thawing joints were tested within 2 days. 
Laxity tests 
Limbs are positioned in a specially designed positioning device. To achieve 
reproducible positioning the head of femur and the third trachanter are used as 
anatomical reference points. The tibia is allowed free rotation with the knee in 
60 degrees flexion. The proximal femur and distal tibia are potted in fast acryl up 
to approximately 8 mm from the knee joint line. Together with femur and tibia, 
pins are potted in perpendicular to the diaphyses to facilitate positioning of the limb 
in the testing devices. 
Anterior-posterior (AP) test 
In the anterior-posterior test, forces are applied perpendicular to the tibia in 
anterior and posterior direction by manually rotating a spindle. The friction force in 
the system is about 0.02 N. Freedom of motion exists in the direction along the 
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tibial axis to prevent constraint loads from influencing the test. The forces applied 
range from 1 N anterior to 1 N posterior and are measured with a highly sensitive 
and accurate strain-gauge type force transducer (Burster type 8432-2,5N, 
Multitronics, Amersfoort, The Netherlands). AP displacement between distal femur 
and proximal tibia is measured with a LVDT type translation transducer (Burster 
type 87240-000 with kern ausfuhrung type 87c04-000, Multitronics, Amersfoort, 
The Netherlands). The limbs were preconditioned by performance of five AP-
cycles. In the following two full AP-cycles, force and displacement were measured 
continuously, amplified, AD converted, sampled at 100 points and stored in a 
personal computer for further analysis. 
Varus-valgus (W) test 
Whereas the AP-tester measures linear displacements, the varus-valgus tester 
determines rotations. Moments ranging from 5 Nmm varus to 5 Nmm valgus are 
applied to the tibia through a spring (0.55 mm) by rotating a spindle. The friction 
in the system is about 0.1 Nmm. Freedom of motion exists in the direction along 
the tibial axis to prevent constraint loads from influencing the test. Rotations of the 
tibia are measured with a shaft encoder (type его 1450, Heidenhain, Veenendaal, 
The Netherlands) and a PC Zahlerkarte (type IK 120, Heidenhain, Veenendaal, 
The Netherlands). Applied moments are measured using a strain-gauge type force 
transducer (type 8432-0.5N, Multitronics, Amersfoort, The Netherlands) placed at 
an arm of 22 mm. After preconditioning the limb for five full VV-cycles, moments 
and rotations were measured continuously during two VV-cycles, amplified, 
AD converted, sampled at 100 points and stored in a personal computer for further 
analysis. 
Parameter analysis 
The curves (Figs. 1 and 2) obtained were non-linear, representing a relatively low 
stiffness of the knee around zero load, which increases progressively with load in 
both directions. Due to energy dissipation within the joint structures (hysteresis), a 
difference exists between motion from anterior to posterior (and varus to valgus), 
represented by the upper branches of the curves, and motion from posterior to 
anterior (and valgus to varus) represented by the lower branches. As suggested by 
Edixhoven et al. (7,8), different parameters were defined to describe the curves 
(Table 1). 
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Fig. I. A typical, representative 
anterior-posterior laxity curve of a 
normal murine knee joint. The lower 
curve represents displacement (mm) from 
postenor to anterior, and the upper 
curve from anterior to postenor due to 
applied loads (N) 
Fig. 2. A typical, representative varus-
valgus laxity curve of a normal munne 
knee joint The lower curve represents 
rotation (deg ) from valgus to varus, and 
the upper curve from varus to valgus due 
to applied moments (Nmm) 
The parameters calculated are based on two complete measurement cycles of 
anterior-posterior or varus-valgus laxity. The values are obtained from linearization 
of the curve segments with respect to certain intervals around the force values 
concerned, by using distribution-free estimation methods (8). The compliance is the 
inverse of the stiffness. C0 BN> -0 8N' and С, can be considered as 
estimates of the endpoint compliance, the inverse of the endpoint stiffness. 
Reproducibility 
To determine the variation in stiffness and laxity parameters between mice, left 
knee joints of 25 untreated mice were tested and the above described parameters 
were calculated. Using animal models, a chemical is often injected in the right knee 
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joint and measurements performed at the right knee joint are compared to the non-
or saline-injected left knee joint. For statistical analysis the amount of variation 
between left and right knees is important. Therefore laxity parameters for both left 
and right limbs of 12 mice were calculated. 
For practical purposes limbs must often be frozen and stored for measurements on 
a later point in time. To study the effects of freezing and thawing on murine knees 
in our system, we compared the laxity parameters of 8 fresh knee joints with 8 
frozen ones. 
Table 1. Parameters to describe antenor-posterior (AP) and varus-valgus (W) laxity 
AP 
Shift values 
S0B(mm): 
S„ „(mm) 
TS0B(mm). 
the average shift (lower and upper branch together) for a posterior force 
of 0 8 N, relative to the lower branch position at zero force. 
as S „ g, but at a force of 0 8 N anterior. 
the total shift between 0.8 N posterior force and 0 8 N anterior force. 
Compliance values 
apC,,(mm/N): 
"C0B(mm/N) 
"Coe(mm/N): 
the average compliance (slope) of the branches (lower and upper branch 
together) at zero force. 
the average compliance at a force of 0 8 N posterior. 
as apC „
 B but at a force of 0.8 N anterior. 
W 
Rotation values 
R,(deg). 
R4(deg ): 
TR4(deg.): 
the average rotation (lower and upper branch together) for a varus 
moment of 4 Nmm, relative to the lower branch position at zero moment, 
as R
 4, but at a moment of 4 Nmm valgus, 
the total rotation between 4 Nmm varus moment. 
Compliance values 
,vC0(deg/Nmm) 
vvC4(deg/Nmm). 
vvC4(dcg/Nmm). 
the average compliance (slope) of the branches (lower and upper branch 
together) at zero moment. 
the average compliance at a moment of 4 Nmm varus. 
as VVC
 4 but at a moment of 4 Nmm valgus. 
Ligament sectioning 
To study the contributions of the different ligaments to joint laxity in AP and VV 
direction, ligaments were sectioned using a sharp scalpel and tweezers before laxity 
was measured. It was very well possible to section the collateral ligaments. 
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Approaching from posterior, and sectioning the posterior joint capsule and a 
menisco-femoral ligament which connects lateral meniscus and medial femoral 
condyle, sectioning of the posterior cruciate ligament was possible. Isolated 
sectioning of the anterior cruciate ligament was not possible, but simultaneous 
sectioning of ACL and PCL was. 
Induction of inflammation and osteoarthritis in mice 
The effect of inflammation was investigated using two animal models; an acute 
model by a single zymosan injection and a chronic antigen-induced arthritis (AIA) 
model induced by injection of mBSA in immunized mice (28). For the zymosan 
model, 180 μ% zymosan was injected intra-articularly in 8 knee joints. For 
the antigen-induced arthritis, 18 mice were immunized with methyl bovine 
serum albumin (mBSA) in 0.1 ml Freunds complete adjuvant emulsion by injection 
into the flank skin and the footpads of the forelimbs. Heat-killed (2xl09) Bordetella 
Pertussis organisms (National Institute of Public Health, Bilthoven, 
The Netherlands) were administered intra-peritoneally as an additional adjuvant. 
After one week, booster injections were given subcutaneously in the neck region. 
Four weeks after the first injections, arthritis was induced by intra-articular 
injection of 60 ^g mBSA in 6 μΐ PBS. 
Osteoarthritis was induced by intra-articular injection of 10 units bacterial 
collagenase (type VII, sigma) solved in 6 μ\ saline into the right knee joints of 
16 mice. In a pilot study (data not shown) it was shown that measurement of joint 
laxity can be performed best three days after collagenase injection. After one day, 
laxity changes may not be complete and from day seven osteophyte formation may 
obscure the measurements. To compare, the effect of inflammation is also measured 
on day three. Because AIA is a model for chronic arthritis, and ligament damage 
may be induced by the bulk of mediators released during a prolonged period of 
time, the effect on laxity was also measured on day 14 and day 28 after arthritis 
induction. 
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RESULTS 
Reproducibility of normal knee joint laxity 
A P-tester 
Normal knees showed relatively low stiffness of the knee around zero force 
(0.72 ±0.32 mm/N), progressively increasing to higher stiffness at high anterior 
(0.16 ±0.03 mm/N at 0.8 N) and posterior forces (0.16 ±0.04 mm/N at -0.8 N) 
(Fig. 1). The average total AP-shift of a normal murine knee joint between 0.8 N 
anterior and 0.8 N posterior force was 0.47 ±0.10 mm. Mean values and standard 
deviations of laxity parameters for 25 normal knee joints are presented in Table 2. 
Table 2 In vitro laxity characteristics of 25 normal murine knees A. Anterior-posterior laxity. 
B. Varus-valgus laxity 
Parameters AP-laxity 
posterior shift -0.8 N 
anterior shift 0 8 N 
total shift ±0.8 N 
neutral compliance 0 N 
posterior compliance -0 8 N 
anterior compliance 0.8 N 
Mean ±SD 
0 19 ± 0.05 mm 
0.28 ± 0.05 mm 
0.47 ± 0 10 mm 
0 72 ± 0 32 mm/N 
0.16 ± 0.04 mm/N 
0.16 ± 0 03 mm/N 
Parameters W-laxity 
valgus rotation -4 Nmm 
varus rotation 4 Nmm 
total rotation ±4 Nmm 
neutral compliance 0 Nmm 
valgus compliance -4 Nmm 
varus compliance 4 Nmm 
5 5 ± 1.6 deg 
11.8 ± 2.9 deg. 
17.4 ± 3.3 deg 
5 3 ± 2.6 deg/Nmm 
1.0 ± 0.3 deg/Nmm 
1 1 ±0.7 deg/Nmm 
W-tester 
The stiffness around zero moment was low (5.3 ±2.6 deg/Nmm), progressively 
increasing to higher stiffness at high varus (1.1 ±0.7 deg/Nmm at 4 Nmm) and 
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valgus loads (1.0 ±0.3 deg/Nmm at -4 Nmm) (Fig. 2). The average total 
varus-valgus rotation of a normal murine knee joint between 4 Nmm varus and 
4 Nmm valgus moment was 17.4 ±3.3 degrees. Mean values and standard 
deviations for laxity parameters of 25 normal knee joints are presented in Table 2. 
Left/right differences and effect of storing conditions 
There was no significant difference between left and right knees as is shown by 
the mean absolute difference between left and right limb presented in Table 3. The 
variation in laxity parameters between left and right knee of an animal was as high 
as the variation between knees of different inbred animals. 
Performance of experiments will be much more workable if storage of joints by 
freezing is possible. Joints stored maximally for 1 month neither showed effects of 
freezing and thawing on AP nor on VV laxity parameters (Table 4). So it appears 
to be allowed to store the limbs at -70°C. Studying the effect of freezing joints with 
increased laxity is difficult because of the high variation in response between 
animals. Our general judgement is that freezing does not influence laxity parameters 
of pathological knees. 
Table 3 Absolute difference in laxity parameters of ¡eft and right knee joint Mean ±SD of 12 normal 
mice 
Parameters AP-laxity Mean +SD 
posterior shift -0 8 N 0.00 ± 0.03 mm 
anterior shift 0 8 N 0 03 ± 0 05 mm 
total shift ±0.8 N 0 03 ± 0 08 mm 
posterior compliance -0 8 N 0.01 ± 0 01 mm/N 
anterior compliance 0 8 N 0 0 1 + 0 01 mm/N 
Parameters W-laxity 
valgus rotation -4 Nmm 0 6 + 2 7 deg. 
varus rotation 4 Nmm -0.8 ± 6 0 deg 
total rotation ±4 Nmm -0 3 + 4 5 deg. 
valgus compliance -4 Nmm -0 2 ± 0.4 deg/Nmm 
varus compliance 4 Nmm -0 3 ± 0 8 deg/Nmm 
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Table 4. Laxity parameters of 8 joints after being frozen and thawed and 8 fresh joints A. AP-laxity 
parameters B. Varus-valgus parameters 
A 
fresh 
frozen 
В 
fresh 
frozen 
shift 
-0 8N 
0 20 ± 0 02 
0 22 ± 0 03 
rotation 
-4 Nmm 
50 ± 1 8 
4 9 + 0 8 
shift 
0 8 N 
0 29 ± 0 03 
0 30 ± 0 04 
rotation 
4 Nmm 
9 9 ± 20 
11 8 ± 1 5 
compliance 
-0 8N 
0 17 ± 0 02 
0 17 ± 0 02 
compliance 
-4 Nmm 
0 70 + 0 21 
0 77 ± 0 17 
compliance 
0 8 N 
0 17 ± 0 02 
0 16 ± 0 02 
compliance 
4 Nmm 
0 70 + 0 16 
0 72 ± 0 12 
Ligament sectioning 
Ligaments are sectioned to study their contribution to joint stability in AP- and 
VV-direction. Sectioning of the collateral ligaments had no effect on AP-laxity. 
Medial collateral ligament transection caused increased laxity in valgus direction 
(about 10 degrees), while sectioning of the lateral collateral ligament had no effect. 
Elimination of the posterior cruciate ligament increased laxity in the posterior 
direction (approximately 0.50 mm), leaving varus-valgus laxity unchanged. When 
both anterior and posterior cruciate ligament were transected, laxity was increased 
in anterior and posterior directions and while performing the varus-valgus test, 
varus laxity mostly becomes grossly increased This indicates a rupture of the 
lateral collateral ligament, which is unable to restrain the entire load without help of 
the cruciate ligaments. 
Sectioning of only one ligament never induced total laxity of more than 1 mm in 
anterior or posterior direction or more than 45 degrees in varus or valgus direction. 
Such gross laxity can only be due to combined insufficiency of several ligaments 
and joint capsule. 
Pathological conditions: inflammation and osteoarthritis models 
Injection with zymosan led to joint swelling and a prominent inflammatory 
reaction but had no effect on joint laxity (Table 5). Although zymosan-injected 
knees seemed stiffer when comparing their laxity parameters with the group of 
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Table 5. Laxity parameters of 25 control joints, 8 joints 3 days after injection with 180 μg zymosan, 
groups of 6 joints 3, 14 and 28 days after antigen-induced arthritis (aia) and 16 joints 3 days after 
injection with 10 units highly purified bacterial collagenase. 
A 
control 
zymosan d3 
aia d3 
aia d 14 
aia d28 
collagenase d3 
shift 
-0 8 N 
0.19 ± 0 05 
0.13 + 0 04 
0.21 ± 0.02 
0.22 ± 0.02 
0 22 + 0 03 
0 47 ± 0 30 
shift 
0 8 N 
0.28 ± 0.05 
0.22 ± 0.03 
0 32 ± 0 04 
0 33 ± 0 03 
0 34 ± 0.09 
0 73 ± 0 36 
compliance 
-0.8 N 
0 16 ± 0 04 
0 09 ± 0 01 
0.19 ± 0.04 
0.22 ± 0 05 
0 20 ± 0 06 
NC 
compliance 
0,8 N 
0 16 ± 0 03 
0 10 + 0.02 
0.19 ± 0 04 
0 19 ± 0 02 
0 19 ± 0 06 
NC 
В 
control 
zymosan 
aia d3 
aia d 14 
aia d28 
d3 
collagenase d3 
rotation 
-4 Nmm 
5 5 ± 
4.8 ± 
6.0 ± 
4.6 ± 
3 0 + 
29 1 ± 
1 6 
1.2 
1.7 
0.9 
0 8 
17 4 
rotation 
4 Nmm 
11 8 ± 2.9 
11 8 ± 
11 3 ± 
10 9 ± 
9 2 ± 
25 2 ± 
5.3 
1 5 
2 1 
1 8 
14 5 
compliance 
-4 Nmm 
1 0 ± 0 3 
13 + 0 5 
0.9 ± 0.1 
0.7 ± 0 2 
0.6 ± 0 1 
NC 
compliance 
4 Nmm 
1 1 ± 0 7 
1 8 + 0 3 
0 8 ± 0 . 1 
0 8 ± 0.2 
0 9 ± 0.4 
NC 
A. AP-laxity parameters. B. Varus-valgus parameters. Maximal displacement in anterior or posterior 
direction was 1 mm, maximal rotation in varus or valgus direction was 45 degrees. Compliance values 
after collagenase injection could not be calculated (NC). 
25 normal mice, a comparison with their contralateral knees showed no differences 
(data not shown). In spite of the small variation in laxity parameters, differences 
between experiments sometimes did exist. An explanation for this variation was not 
found. In general the deviation from the 25 normal mice was not large, and usually 
not significant. In order to prevent false positives, we defined a 95% confidence 
interval. According to this definition, none of the zymosan-injected knees was 
significantly different from normal. 
Antigen-induced arthritis did not show effects either on days 3, 14 or 28. A trend 
to lower VV-rotation was visible, which could have been due to osteophytes 
and calcification of collateral ligaments. However, the significance of these 
measurements was doubtful because all results were within the 95% confidence 
interval of the normal knees. 
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Collagenase caused minor inflammation but did have pronounced effects on the 
laxity parameters of the injected joints (Table 5). It did not have any effect on the 
contralateral joint. Considerable variation existed in effects on joint laxity between 
animals. In general, the laxity in anterior direction was increased more than in 
posterior direction, and valgus laxity was affected more than varus laxity. Thus far, 
gross increases in VV-laxity were never observed without gross increases in 
AP-laxity; gross increases in AP-laxity were only seldom observed without laxity 
changes in VV-direction. 
Some typical examples are shown in Figs. 3 and 4. Fig. 3B shows an increase in 
anterior laxity compared to Fig. ЗА, which represents a normal knee joint. This 
increase in anterior laxity indicates loss of function of the anterior cruciate 
ligament. The posterior laxity was unchanged. Sometimes collagenase injection led 
to destruction of both cruciate ligaments. In Fig. 3C an increase in posterior laxity 
in combination with a grossly increased anterior laxity is shown. Severe damage to 
the ligaments, shown by a gross increase in laxity, indicates total loss of function of 
that ligament. Collagenase can also cause damage to the collateral ligaments. A 
slightly increased laxity in valgus direction with varus laxity unchanged is shown in 
Fig. 4B. It also happens that only varus laxity or both varus and valgus laxity are 
increased (Fig. 4C). Different combinations of damage to collateral and cruciate 
ligaments can be found. 
DISCUSSION 
Measurement of laxity of murine knee joints, means detecting small forces and 
displacements. However, this was shown to be possible with sufficient accuracy. 
The variation in translational and rotational laxity parameters of a group of normal 
mice of an inbred strain appeared to be small. Compliance parameters show more 
variation. The good reproducibility is, besides to limited genetic variation, probably 
mainly due to the careful positioning of the limbs (23,32,33) which has been made 
possible by use of the special positioning device. The positioning can be performed 
in a standardized way, because the variation in skeletal morphology in mice with 
age 10-14 weeks appeared to be small (manuscript submitted). 
In this experimental setting the AP-laxity is mainly determined by the mechanical 
properties of the cruciate ligaments. Sectioning of the collateral ligaments had no 
effect on AP-translation. This was also found for humans, although sectioning of 
MCL, posterior capsule or menisci was shown to have small influences on 
Laxity of murine knees 83 
O.B 
0.6 
0.4 
0.2 
0 
-0.2 
-0.4 
-0.6 
-0.8 
mm] 
anterior 
posterior 
Fig. 3. Examples of antenor-posterior 
laxity curves. 
A. A normal knee joint. 
-1 -0.5 0 
[N] 
0.5 
mm] B. A joint showing an increased anterior 
laxity while posterior laxity was 
unchanged. 
0.8 
0.6 
0.4 
0.2 
0 
-0.2 
-0.4 
-0.6 
-0.8 
mm] 
posterior 
anterior 
С A joint showing a gross increase in 
anterior laxity and a slightly increased 
posterior laxity. 
-1 -0.5 0 
[N] 
0.5 
84 CHAPTER 5 
-2 5 О 2 5 
[Nmm] 
Fig. 4. Examples of varus-valgus laxity 
curves 
A. A normal knee joint 
-5 -2 5 
B. A joint showing an increased valgus 
laxity while varus laxity was unchanged 
C. A joint showing a gross increase in 
valgus laxity and a slightly increased 
varus laxity 
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AP-laxity (10,21). Sectioning of the collateral ligaments has effect on VV-rotation, 
with MCL transection causing an increase in valgus rotation and LCL transection 
(alone or in combination with the popliteus tendon) an increase in varus rotation 
(5,21,26). VV-rotation is not only determined by the mechanical function of the 
collateral ligaments but, although results from the literature are contradictory, may 
also be influenced by the function of the cruciate ligaments and menisci. 
Markolf (21) found that VV-laxity was relatively unaffected by ACL transection, 
whereas Seering (26) and Dahlkvist (5) observed that valgus laxity can be increased 
after PCL transection and varus laxity after ACL transection. Differences between 
studies can be explained by variations in experimental design. When different knee 
flexion angles or degrees of freedom were chosen, the contribution of the structures 
to translational and rotational parameters could have been different as well 
(9,23,26,27,33). 
The choice of the reference points for analysis of AP-translation and VV-rotation 
is arbitrary. For AP-translation, the translation where the force is zero when 
moving the tibia from posterior to anterior is chosen as a reference point. For 
VV-rotation, the zero loading when moving the tibia from valgus to varus direction 
is chosen as a reference point. This means that caution is needed for statements 
about absolute amounts of laxity or about comparison of laxity in different 
directions. It is better to consider the force rising curve, that means for laxity in 
anterior direction the point of zero force of the lower graph (motion from posterior 
to anterior) and for posterior laxity the zero force point on the upper graph (motion 
from anterior to posterior). Applying this shows that the absolute amount of laxity 
in anterior and posterior directions becomes equal (in both direction approximately 
0.30 mm). In VV-direction, varus laxity remains higher than valgus laxity in 
normal murine knee joints, but the difference between varus and valgus becomes 
much smaller (varus laxity 10.7 degrees, valgus laxity 9.0 degrees). Although the 
choice of the reference point is arbitrary, the absolute amount of laxity can be used 
confidently for comparisons of laxity changes. 
In human knees considerable scatter is found in left-right differences in normal 
subjects (20). Left-right differences appeared to be normally distributed in normal 
subjects, but not in injured subjects (5,19,20). In our population of mice, left and 
right knees of one mouse did appear to be as similar as knees of different mice. 
The differences between left and right knees of normal mice show a normal 
distribution with the mean near zero. After collagenase injection the differences 
between injected right and not injected left knees is no longer normally distributed. 
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In the literature, the effects reported of freezing on ligament properties are 
contradictory. Woo et al. (34) did not find a significant effect of freezing. Only the 
first cycles showed a decreased hysteresis loop, the importance of which is not 
clear yet. According to Dorlot et al. (6) however, ligaments become stiffer after 
being frozen. In our system, storage at -70°C did not alter laxity parameters. 
Storage for longer periods is expected to be valid too, because damage will 
probably occur mainly during the processes of freezing and thawing. We did not 
find effects of freezing and thawing which allows us to store limbs at - 70 °C until 
they will be used for AP- or VV-testing. 
With the devices it was possible to measure changes in laxity in pathologic joints. 
Effects on laxity are never seen after injection of the highly inflammatory agent 
zymosan or during antigen-induced arthritis. Assuming that the devices are sensitive 
enough to measure significant laxity changes, these results indicate that 
inflammation does not evoke laxity changes. Although the possibility of the 
existence of small changes in laxity, unmeasurable with our device, can not be 
completely ruled out, it is concluded that cartilage changes seen in the chronic 
phase of the antigen-induced arthritis model are not caused by laxity changes, but 
by a direct effect of inflammatory mediators on the cartilage. Laxity changes are 
measurable, however, in the OA model. Induction of joint instability by collagenase 
therefore can be seen as a specific process. This makes it highly likely that 
osteoarthntic changes due to collagenase injection are predominantly induced by 
knee joint instability, also because we showed earlier that in vitro incubation of 
intact patellae with collagenase had no effects on cartilage metabolism (30). The 
extent of the laxity changes in anterior-posterior and varus-valgus direction were 
variable, indicating the effect of collagenase injection is not always identical, which 
may explain the variation in damage which can occur in this model. 
We conclude that it is possible to measure laxity of murine knee joints 
reproduciably with the devices developed. It is shown that increased laxity in 
pathologic knees can be quantified with this device. For correct judgement of knee 
laxity, pathological knees should be compared either with their contralateral knee or 
by applying the 95% confidence interval as definition for normal knee joints. 
Further study is now possible to investigate the effects of collagenase injection on 
laxity and the correlation with cartilage damage more precisely. 
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CHAPTER 6 
SITE-SPECIFIC CARTILAGE CHANGES IN MURINE 
DEGENERATIVE KNEE JOINT DISEASE INDUCED BY 
IODOACETATE AND COLLAGENASE 
G.J.V.M. van Osch, P.M. van der Kraan and W.B. van den Berg 
Abstract: Degenerative joint disease was induced in the knee joints of mice by 
intra-articular injection of two different stimuli: iodoacetate and highly purified 
collagenase. Proteoglycan synthesis was measured in vivo at different time points in 
four topographical areas of the knee joint (central and peripheral parts of the 
patella and central parts of the medial and lateral tibial plateaus) and was 
compared with histological observations of localized damage to the joint. In vitro 
incubation had a direct effect on proteoglycan metabolism. Intra-articular injection 
of iodoacetate in vivo inhibited the proteoglycan synthesis in cartilage from the 
central part of the patella. In the peripheral part of the patella, inhibition on day 1 
was followed by stimulation of synthesis on days 3-30. Proteoglycan synthesis also 
was inhibited in the central parts of the medial and lateral tibial plateaus. The 
areas with inhibited synthesis had loss of safranin О staining on histology. In vitro 
incubation with collagenase did not have a direct effect on the proteoglycan 
metabolism of intact cartilage; this led to the assumption that osteoarthritis after 
injection of collagenase is caused by ligamentous injury, which leads to an unstable 
joint. Injection of collagenase in vivo stimulated the proteoglycan synthesis in 
cartilage from the central and peripheral parts of the patella. In an early stage of 
the process, the cartilage from the tibial plateaus also was slightly stimulated. From 
30 days after injection of collagenase, synthesis in the lateral tibial plateau 
decreased, whereas synthesis in the patella remained stimulated and synthesis in the 
medial tibial plateau remained normal. On histology, cartilage from the patella and 
the medial tibial plateau had a normal appearance, and there was loss of cartilage 
from the lateral tibial plateau. Our data indicate that the variation in response of 
cartilage from different anatomical areas of the knee joint depends on the stimulus 
used. This suggests that the location of cartilage damage depends on the etiological 
factor responsible for induction of the osteoarthritic process. 
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INTRODUCTION 
Osteoarthritis is considered to be the final result of a multifactorial pathogenesis 
and is a disease characterized by focal loss of cartilage. Mechanical factors, such as 
overuse or instability, as well as metabolical factors, such as inflammation or 
metabolic disturbance, appear to be involved. In an attempt to elucidate the 
mechanism of the disease process, many animal models have been developed to 
simulate osteoarthritis as it is observed in humans. In models as well as in humans, 
lesions occur at specific locations in the joint. After transection of the anterior 
cruciate ligament, medial meniscectomy, or medial dislocation of the patella, 
lesions have been found in the medial tibial plateau and the medial femoral condyle 
(13,16,24,25,30,43), whereas lateral meniscectomy has led to lesions in the lateral 
part of the joint (7). Insufficiency of the medial ligament complex in humans has 
appeared to cause medial lesions, and insufficiency of the lateral ligament complex 
has caused lateral lesions (18,19). In STR mice, in which osteoarthritis develops 
spontaneously, degeneration of cartilage was visible on the medial side, in contrast 
with C57BL mice, in which there was degeneration on the lateral side (9,31,42). In 
C57BL mice, intra-articular injection of crude collagenase, iodoacetate, papain, or 
three injections of interleukin-1 has led to changes on the medial side of the joint 
(33,35,36,37). After injection of iodoacetate, interleukin-1, or papain, lesions have 
been more obvious in the patello-femoral joint than in the femoro-tibial joint 
(35,37). 
One of the first signs of osteoarthritis is a change in proteoglycan metabolism. 
Proteoglycans are important for the resistance of compressive loads on articular 
cartilage. When the proteoglycan content decreases, the cartilage becomes less 
resistant to compression and lesions are apt to appear at the affected sites. Our aim 
was to gain a better understanding of site-specific changes in proteoglycan 
metabolism in osteoarthritis. Because the pathogenesis of osteoarthritis is 
multifactorial, we used two different stimuli to induce osteoarthritic-like changes in 
mice: sodium iodoacetate, which inhibits cellular metabolism directly, and highly 
purified collagenase, which we believe to be an indirect mechanical disturbance. To 
study site-specificity of different stimuli, the synthesis of proteoglycans in different 
topographical areas of the murine knee joint was measured quantitatively, with use 
of a previously developed method (40), and was compared with histological 
observations. 
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MATERIALS AND METHODS 
Animals 
Male C57BL10 mice, 10-14 weeks old, were used in all experiments. The animals 
were kept in cages on a wood chip bedding in an air-conditioned room at constant 
temperature. They were fed a standard laboratory diet (Hope farms, Deventer, 
The Netherlands) and acidified water ad libitum. 
Induction of osteoarthritic-like changes 
After anesthesia with ether was given, each right knee joint received an intra­
articular injection of either 6 μΐ 0.5% sodium iodoacetate solution (Sigma, 
St. Louis, MO, USA) or 10 U of highly purified collagenase (type VII, Clostridium 
histolyticum, Sigma) dissolved in physiological saline. The left knee joint served as 
a control. Previous studies showed no effect of injection with 6 μΐ physiological 
saline (36). 
Proteoglycan synthesis 
At 1,3,7,14,28,49,63, and 98 days, groups of six to eight mice were given a 
subcutaneous injection of 2.8 MBq (about 110 MBq/kg of body weight) of 
radioactive sulfate (Du Pont de Nemours, 's-Hertogenbosch, The Netherlands) 
dissolved in 0.1 ml of physiological saline. After 4 hours, when the amount of 
labeled sulfate incorporated in the cartilage had reached a maximum (8), the mice 
were killed by cervical dislocation. The patellae and the tibiae were dissected 
carefully from both hindlimbs, fixed in 100% ethanol, and decalcified in 5% formic 
acid. 
After decalcification, the cartilage was stripped from the patella and tibial plateau 
and punched as described earlier (40). Briefly, under a dissection microscope, 
a 0.2 mm2 piece of cartilage was punched out the center of the of the patella and 
from the medial and lateral tibial plateaus, with avoidance of the insertions of 
ligaments. The amount of radioactive sulfate incorporated in the cartilage of the 
central and peripheral parts of the patella and the central parts of the medial and 
lateral tibial plateaus was determined by liquid scintillation counting. 
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Histology 
At 1,3,7,21,28,35,42,63, and 86 days, five or six knee joints were studied 
histologically. The joints were fixed in phosphate buffered formalin (pH 7.4), 
decalcified in 5% formic acid, and embedded in paraffin wax. Frontal whole knee-
joint sections (7 μτη) were stained with safranin О and fast green. 
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Calculations 
days alter injection 
The incorporation of sulfate in the knee that had been injected was compared with 
that in the contra-lateral knee in each mouse and was expressed as the stimulation 
of synthesis in the right (injected) compared with the left (normal) knee joint The 
in vivo experiments were done two or three times, with six to eight mice per 
group Percentages of stimulation were averaged for the different topographical 
areas at each time period after injection. The averaged results and the standard 
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error are presented graphically in Figs 1 and 2 A Wilcoxon signed rank test was 
used to evaluate the proteoglycan synthesis after incubation a ρ value of < 0 05 
was considered to be significant 
Direct metabolic effects of iodoacetate and collagenase in vitro 
In order to investigate whether iodoacetate or highly purified collagenase had 
direct effects on proteoglycan metabolism, the patellae were isolated and incubated 
in vitro with either iodoacetate or collagenase Iodoacetate is thought to be a potent 
inhibitor of cellular metabolism (10) Therefore, specimens were incubated for 
4 hours in iodoacetate at low concentrations (0 5x10 \ 1x10 \ and 3x103 mg/ml of 
RPMI 1640 DM medium) Less is known about the effect of collagenase on intact 
articular cartilage Therefore, different concentrations of highly purified collagenase 
(115 and 385 U/ml of RPMI medium) were used for incubation for 1,4, and 
24 hours The tissue surrounding the patella was digested by incubation of the 
patella for 24 hours in a concentration of collagenase of 115 U/ml of medium or 
for 4 or 24 hours in 385 U/ml of medium As controls, patellae were incubated in 
RPMI medium for 1,4 and 24 hours 
Collagenase is expected to disappear quickly from the joints Four hours after 
injection, only about 30% will remain in the joint and after 24 hours, about 1% 
will be left (38) A concentration ol 385 U/ml of collagenase is about 50% of the 
concentration in the joint directly alter inaction with 10 U of collagenase and is 
estimated to be the mean concentration during 4 hours We also used a very high 
dose of collagenase of 2000 U/ml We incubated this in the presence of 30% 
normal murine serum Serum contains inhibitors comparable with inhibitors in the 
synovial fluid of the knee joint 
Synthesis of proteoglycans Six isolated patellae were incubated in iodoacetate or 
collagenase and then were labeled with 0 75 MBq of radioactive sulfate for 3 hours 
The cartilage was isolated, and the amount of incorporated radioactive sulfate was 
determined 
Total amount of proteoglycans To investigate whether collagenase degraded 
proteoglycans, six isolated patellae were incubated in collagenase After washing 
and decalcification, the cartilage was stripped from the bone and digested in papain 
The assay of Farndale et al (11) then was performed to determine the total amount 
of proteoglycans in the cartilage 
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RESULTS 
Macroscopic findings 
One day after injection with ïodoacetate, swelling of the knee joint was visible 
From the second week, osteophytes were found, especially on the medial side of 
the femoro-patellar joint Intra-articular injection with collagenase caused swelling 
of the joint on days 1 and 3 The joint appeared unstable, and some of the mice had 
a slight limp From day 7, huge osteophytes were found, especially on the medial 
side, which coincided with a more stable appearance oí the knee 
Synthesis of proteoglycans 
Knees injected with ïodoacetate After injection of ïodoacetate, there was a 
significant decrease (80%) in proteoglycan synthesis in the central part of the 
patella during the entire period of the study (Fig 1A) In the peripheral part of the 
patella, the synthesis was significantly inhibited on day 1 and was stimulated on 
days 3-30, mainly because of the formation of osteophytes (Fig 1A) 
In both the medial and lateral tibial plateaus, the synthesis of proteoglycans was 
inhibited on days 1 and 3 (Fig IB) Seven days after injection, the synthesis was 
normal The onset of a second inhibition phase was later in the lateral tibial plateau 
(day 28) than in the medial tibial plateau (day 14) The inhibition persisted during 
the remainder of the study and was about 50% in both areas 
Knees injected with collagenase After injection of collagenase, proteoglycan 
synthesis was stimulated significantly to the same degree in cartilage from the 
central and peripheral parts of the patella (Fig 2A) In the tibial plateaus (Fig 2B), 
the synthesis did not significantly change during the first 30 days, although it 
seemed slightly stimulated From day 49, iheie wtis a significant inhibition 
(approximately 40%) in the lateral tibial plateau (Fig 2B) 
Microscopic findings 
Knees injected with ïodoacetate An exudate of inflammatory cells in the joint 
cavity and an infiltration of the synovium was observed on days 1 and 3 From 
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day 7, signs of osteophyte formation were obvious at the margins of the femoro-
patellar joint and sometimes also at the femoro-tibial joint margins. 
There was a depletion of safranin О staining in the central part of the patella on 
day 3 and in the tibial plateau on day 21; the depletion was more advanced in the 
medial area than in the lateral area (Fig. 3). Empty lacunae were most obvious in 
the central part of the patella, and cartilage fibrillation was seen in the tibial 
plateaus. No abnormalities of ligamentous structures were found. 
Fig. 3. Frontal section of a murine knee joint, 63 days after 
injection with 0.5% iodoacetate, stained with safranin О and fast 
green. Note the loss of staining in the cartilage of the central part 
of the patella and the central part of the medial and lateral tibial 
plateaus. P=patella, F=femur, T=tibia, M=medial tibial plateau, 
L = lateral tibial plateau. 
Knees injected with collagenase: Inflammatory cells were observed on days 1 and 
3. From day 7, formation of cartilage-like structures appeared in the swollen 
ligaments. Osteophytes were found on the margins of the tibial plateau and femoral 
condyles and at the insertions of the medial and lateral collateral ligaments on the 
femur. From day 35, lesions in the cartilage became visible; the lesions started with 
fissures and ended with total loss of cartilage on the lateral tibial plateau 
(Fig. 4). On the patella, osteophytes were found at the margins, but the original 
patellar cartilage was unchanged. 
Fig. 4. Knee joint 42 days after injection of 10 units of 
highly purified collagenase. Cartilage has been lost from 
the lateral tibial plateau. Note the changes in the medial 
collateral ligament and the osteophytes. F=femur, 
T=tibia, M=medial tibial plateau, L=lateral tibial 
plateau. 
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Direct metabolic effects of iodoacetate and collagenase in vitro 
Incubation of the specimens in low concentrations of iodoacetate caused inhibition 
of proteoglycan synthesis. Proteoglycan synthesis was 590 ±88 for the controls; it 
was 612 ±104 cpm at 0.5x103 mg/ml, 367 ±153 cpm at 1x103 mg/ml, and 
188 ±65 cpm at 3x103 mg/ml. These results confirmed the direct effect of 
iodoacetate on chondrocyte metabolism. 
Incubation in different concentrations of collagenase had no significant effect on 
proteoglycan synthesis (Table 1), although synthesis was inhibited after incubation 
for 24 hours in collagenase at a concentration of 385 U/ml. However, this 
inhibition may have been caused by the release of suppressive factors from the 
surrounding tissue, which was totally digested by the collagenase, and probably is 
not due to a direct effect of the collagenase on cartilage. 
Collagenase appeared to have no effect on the total amount of proteoglycans in 
the cartilage (Table 1). 
Table 1. Effect of highly purified collagenase on patellar cartilage in vitro 
Proteoglycan synthesis (cpm) 
1 hour 
4 hours 
24 hours 
Total proteoglycans (^g) 
1 hour 
4 hours 
24 hours 
Control 
642+102 
661+ 55 
753+ 91 
3 7 
3 8 
3 8 
115 
ND 
ND 
ND 
3 8 
4 2 
3 3 
Collagi :nase concentration' 
385 
496+160 
648+119 
429± 37" 
4 7 
4 0 
3 7 
2,000 
ND 
628 ±164 
ND 
ND 
3 8 
ND 
ND = not done Values are the average +SD determined from six patellae at each time period 
' 115 and 385 U/ml of RPMI 1640 DM medium and 2,000 U/ml of murine serum 
b
 Significantly different from control values (p < 0 05) 
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DISCUSSION 
It has become increasingly accepted that osteoarthritis develops because of the 
existence of abnormal load-bearing and a (mild) metabolic disturbance, such as 
inflammation (4,20,41). With the use of two stimuli, iodoacetate and collagenase, 
we showed that cartilage responds differently to different stimuli. Iodoacetate had a 
quick and direct effect on cartilage by inhibiting cellular metabolism, which has 
been shown previously (10). One day after injection, the synthesis of proteoglycans 
was inhibited in all of the topographical areas studied. In the central part of the 
patella, synthesis was inhibited permanently; in the peripheral part, however, 
stimulation was observed on days 3-30, mainly due to the formation of osteophytes. 
Early inhibition occurred to the same degree in the medial and lateral tibial 
plateaus. This may point to an equal sensitivity of the cartilage. The second 
inhibition phase, which developed a little sooner in the medial than in the lateral 
plateau, may be the result of greater loading of the cartilage medially. Inhibition of 
proteoglycan synthesis resulted in histological changes. Iodoacetate induced a loss 
of staining with safranin О in the central part of the patella and the tibial plateaus 
(Fig. 3). 
The intra-articular injection of highly purified collagenase had no rapid inhibiting 
effect. The synthesis of proteoglycans clearly was stimulated in the central and 
peripheral parts of the patella and seemed to be stimulated slightly in the tibial 
plateaus for the first 30 days after injection. Later, the synthesis of proteoglycans 
was inhibited in the lateral tibial plateau, while the synthesis remained stimulated in 
the patella and remained normal in the medial tibial plateau. Injection of 
collagenase did not cause a change in the staining. The most obvious histological 
effect was loss of cartilage from the lateral tibial plateau. 
The increase in the synthesis of proteoglycans early in the disease, as well as the 
hypertrophy of cartilage, also has been found in humans and in animal models for 
mechanically induced osteoarthritis (1,2,6,22,23,29,30). Brandt et al. (5) found a 
prolonged phase of cartilaginous hypertrophy preceding the stage of breakdown. 
Until 36 months after transection of the cruciate ligaments in dogs, there was a 
gross increase in the thickness of articular cartilage in the unstable knees, which 
was associated with increases in both the content and the concentration of matrix 
proteoglycans and an increase in net proteoglycan synthesis (5). Brandt et al. 
suggested that the absence of progressive breakdown of articular cartilage in this 
model was not due to mechanical factors but to metabolic factors. When ligaments 
or menisci are damaged, degrading enzymes may be released. Although the activity 
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of degrading enzymes was increased, an anabolic response by the chondrocytes in 
the unstable joint was sufficient to maintain amounts ot extracelluar matrix that 
were normal or even above normal However, at the stages ot very severe disease, 
less synthesis was observed, and in dogs with a transected anterior cruciate 
ligament, the cartilage became thinner after 36 months (5,12,22,23) A similar 
chronology of events (hypertrophy followed by degradation) was observed in the 
tibial plateau after injection of collagenase It was suggested (22) that when the 
metabolic capacity of the chondrocytes has fallen and the capacity to maintain the 
matrix in the presence of altered biomechanics is limited, the end-stage of the 
disease is reached In addition, a high content of proteoglycans alone does not 
guarantee high stiffness of the cartilage, instead, the quality ot the proteoglycans 
and the properties of the collagen network have been considered to be important 
also (3,14,17,21,26,27) Immobilization ot the knee immediately after transection 
of the cruciate ligament has prevented the increase ot proteoglycan synthesis and 
cartilage fibrillation (28) This indicates that mechanical factors play an important 
role in the development of these changes 
In vitro incubation of patellae with ïodoacetate or highly purified collagenase 
showed that ïodoacetate acted directly on the cartilage metabolism and collagenase 
did not The concentrations ot collagenase used in this in vitro experiment were 
comparable with the in vivo concentrations the knee joint after intra-articular 
injection Even in vitro incubation with a high dose of collagenase (2,000 U/ml) for 
4 hours had no effect on proteoglycan synthesis Incubation for 24 hours with 
385 U/ml of collagenase inhibited proteoglycan synthesis, however, 24 hours is a 
very long period, and in vivo, collagenase will be cleared out of the joint quickly 
Also, in the in vivo experiments, synthesis of proteoglycans was stimulated at early 
time points, which indicated that collagenase had no direct metabolic effect on 
cartilage Van der Kraan et al (37) showed that proteoglycan synthesis was 
inhibited in the patella and tibial plateau 1 day after injection ot crude collagenase 
In the present study, with use of highly purified collagenase, such inhibition was 
not seen The inhibition tound by van der Kraan et al (37) may have been due to a 
metabolic effect of contaminants (most likely nonspecific proteases) in the 
collagenase batch Although unlikely, immunogenic effects of collagenase or effects 
due to the mild synovitis and effusion cannot be excluded The main effect of 
collagenase probably is destruction of joint structures containing type-I collagen, 
such as tendons, ligaments, and menisci Damage to equine tei dons has been seen 
atter intra-tendinous injection ot collagenase, the extent ot injury appeared to 
correlate with the amount ot collagenase injected (32) Damage to knee ligaments, 
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tendons, or menisci in the murine knee joint would cause the joint to become 
unstable Macroscopically, instability was noted when the knee joints were prepared 
at 1 and 3 days after injection Recent research with a newly developed device to 
measure instability of the knee has shown that collagenase indeed induces damage 
to the ligaments and that instability is the most important cause of the osteoarthntic 
changes (39) Ligament damage was never measured within 3 days after intra-
articular injection with ïodoacetate or zymosan, this indicates that instability is not 
induced by synovial inflammation or effusion (data not shown) 
The different anatomical areas studied responded differently to the stimuli that 
were injected The most prominent responses were the central inhibition and 
peripheral stimulation of the patellar cartilage after injection with ïodoacetate and 
the difference between the cartilage from the medial and lateral tibial plateau after 
injection of collagenase An explanation for these site-specific effects could be 
based on differences in cartilage loading Cartilage from the central part of the 
patella carries more load than that from the peripheral patella, because of this, 
ïodoacetate could lead to predominant central defects Collagenase caused lesions 
mostly in the lateral area, and this can be explained by changes in load distribution 
due to induced instability of the joint Site-specific effects also have been 
demonstrated after other mechanical disturbances Transection of the anterior 
cruciate ligament or medial meniscectomy has resulted in lesions m the medial tibial 
plateau and medial femoral condyle, whereas lateral meniscectomy has resulted in 
lesions on the lateral side of the joint (7,13,16,24,25,30) Van der Kraan et al (37) 
found that injection of 1 % crude bacterial collagenase led to lesions predominantly 
on the medial tibial plateau The difference between the effects of 10 U of highly 
purified collagenase and the effect of 1% crude collagenase may be caused by the 
contaminations in the crude collagenase or by the discrepancy in the amount of 
collagenase used, which may induce differences in ligament damage (instability of 
the joint) and, in this way, to different locations of cartilage damage 
The stimuli we used appeared to have different effects on the patello-femoral and 
femoro-tibial joints This confirms the presumption that osteoarthritis in these two 
joints may be caused by different etiological factors (15) The effect of ïodoacetate 
was most marked on the cartilage of the central patella This preference for the 
central area of the patella also has been seen after injection of other metabolic 
stimuli (interleukin-1 and papain) in murine knee joints and in antigen or zymosan-
ìnduced arthritis models (33,34,37) After injection of collagenase, however, 
cartilage damage occurred predominantly in the femoro-tibial joint The location of 
lesions caused by altered mechanics depends on the changes in load distribution in 
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the joint. These results suggest that different etiological factors may be responsible 
for differences in the location of cartilage degeneration. 
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CHAPTER 7 
SITE-SPECIFIC INHIBITION 
OF CARTILAGE PROTEOGLYCAN SYNTHESIS 
IN THE MURINE KNEE JOINT 
Differences between three metabolic stimuli 
G.J.V.M. van Osch, P.M. van der Kraan and W.B. van den Berg 
Abstract: We studied whether inhibition of proteoglycan synthesis on different 
locations occurs according to a regular stimulus-unrelated pattern or if the response 
of cartilage is stimulus dependent. Therefore, proteoglycan synthesis in murine knee 
joint cartilage was measured after in vitro and in vivo exposure to three metabolic 
stimuli, iodoacetate, papain and interleukin-la. Knee joint cartilage was divided in 
four specific areas; the central and peripheral patella and medial and lateral tibial 
plateau. 
The effect on proteoglycan synthesis in cartilage from these locations was similar 
in the in vitro and the in vivo experiments. Papain evoked more inhibition of the 
proteoglycan synthesis in tibial cartilage than in patellar cartilage. In contrast, 
iodoacetate caused more inhibition in patellar than in tibial cartilage. The central 
part of the patella was more vulnerable than the peripheral part to interleukin-la 
and iodoacetate, and both parts were equally sensitive to papain. Differences in 
sensitivity between central medial and central lateral tibial plateau were only found 
with iodoacetate, which inhibited proteoglycan synthesis medially more than 
laterally. 
Our results indicate that inhibition of proteoglycan synthesis in specific areas of 
the knee joint is stimulus dependent. 
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INTRODUCTION 
Osteoarthritis is a multi-factorial degenerative joint disease. It may be caused by 
abnormal mechanical loading, intrinsic biochemical abnormalities of articular 
cartilage or a combination of both. The prevalence of osteoarthritis is relatively 
high in the knee joint (1). The ankle joint for example has a 10 times lower 
prevalence. Different prevalences not only exist between joints but also within 
joints. The knee joint is composed of two compartments, a patello-femoral and a 
femoro-tibial one. The occurrence of О A in these compartments is not related, 
suggesting that OA in patello-femoral and femoro-tibial joints is caused by different 
etiological factors (2). Even within one compartment differences exist. In human 
and in many animal models, the medial tibial plateau shows osteoarthritic changes 
more often than the lateral tibial plateau (3-7). Lesions are also more pronounced in 
the central part of the patella than in the peripheral part (4-6,8-10). Differences in 
chondrocyte sensitivity to metabolic disturbances exist between cartilage from 
different locations. Interleukin-1 appears to be more potent in inhibiting 
proteoglycan synthesis in vitro in chondrocytes isolated from the knee joint than 
from the ankle (11). Vulnerability is influenced indirectly by loading conditions, 
which induce variations in cartilage matrix composition and in chondrocyte 
metabolism. In vivo, vulnerability can also be determined by the micro-
environment, for example the distance of cartilage to the synovium might influence 
the local concentration of synovium derived factors. 
We studied whether inhibition of proteoglycan synthesis on different locations 
occurs according to a regular stimulus-unrelated pattern or whether the response of 
cartilage is stimulus dependent. Therefore, proteoglycan synthesis was measured in 
murine knee joint cartilage from four locations after exposure to three metabolic 
stimuli which act through different mechanisms. Iodoacetate inhibits cell 
metabolism mainly by inhibition of glycolysis (12). Papain may have effect by its 
proteolytic action on matrix (13) and possibly on cell membrane components. IL-1 
is a well-known inhibitor of proteoglycan synthesis (14), provoking its effects 
through specific cellular receptors (15). Effects on proteoglycan synthesis were 
measured after in vivo and short term in vitro exposure. 
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MATERIALS AND METHODS 
In vitro experiments 
Patellae and tibiae with surrounding tissue were isolated from knees of normal 
C57BL mice, aged 12-16 weeks. Two patellae and two tibiae were incubated 
together in RPMI 1640 DM medium (supplied with 1-glutamine and gentamicine) in 
24 wells plates in a humidified atmosphere of 5% C02 and 95% air at 37 °C. In 
pilot experiments, for each stimulus the concentration range with little effect to total 
inhibition of proteoglycan synthesis was determined. For this study we excluded 
concentrations which gave either less than 20% or more than 80% inhibition of 
proteoglycan synthesis. Subsequently two concentrations were chosen on the steep 
part of the dose-response curve. Incubation was carried out for four hours with 
0, 102 or 10' mg/ml papain (type IV, double crystallized, 15 units/mg, Sigma, 
St. Louis, MO) activated by L-cysteine.HCl (Sigma) or with 0, 2 or 3 /¿g/ml 
iodoacetate (Sigma). These experiments were performed 4 times with groups of 6 
samples. The third group was incubated with 0, 0.6 or 6 ng/ml murine recombinant 
interleukin-la (IL-la) (Pfizer, Groton, CT) for 24 hours, followed by 24 hours 
incubation without IL-1 (8). Because of the long incubation time, 0.25 μg/ml 
recombinant human insulin-like growth factor 1 (IGF-1) (Boehringer, Mannheim, 
Germany) and 1 mg/ml bovine serum albumine (BSA) were added to simulate 
normal in vivo conditions. Incubation experiments with IL-1 were done two times 
with groups of 6 samples. After washing with physiological saline thoroughly, 
0.74 MBq 3,S-sulfate (Du Pont de Nemours, 's-Hertogenbosch, The Netherlands) 
was added for 2 hours to study the synthesis of proteoglycans. Patellae and tibiae 
were stored overnight in 100% ethanol. 
In vivo experiments 
C57BL mice were injected intra-articularly along the patellar tendon with 30 ^g 
iodoacetate, 120 ^g papain in 0.03M L-cysteine.HCl or 10 ng interleukin-lc* 
dissolved in 6 μΐ saline. Chosen concentrations had significant effects on 
proteoglycan metabolism in pilot experiments (data not shown). Proteoglycan 
synthesis was determined by radioactive sulfate incorporation. In case of 
iodoacetate and papain 35S-sulfate was injected subcutaneously after 4h, in case of 
interleukin-1 after 24h. 
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After another 4h patellae and tibiae of both left and right limb were isolated and 
stored in 100% ethanol. A control group was injected intra-articularly with 
physiological saline. 
Cartilage isolation 
We have previously developed a method to make it possible to quantify 
proteoglycan synthesis on different topographical locations in the murine knee 
joint (9). In short, patellae and tibiae were decalcified in 5% formic acid, and after 
that cartilage can be stripped easily from the underlying bone. A punch with a 
diameter of 0.5 mm was used to divide the patellar cartilage in a central and a 
remaining peripheral part, and to isolate cartilage from the central medial and 
central lateral tibial plateau. Cartilage was digested with lumasolve (Hicol, Oud-
Beijerland, The Netherlands) and 35S-sulfate incorporated in these different areas 
was determined using liquid scintillation counting. 
Calculations 
The in vitro experiments were performed with six patellae and six tibiae per 
group. Incubations with iodoacetate and papain were done four times, incubations 
with IL-1 were done twice. The in vivo experiments were performed with 8 mice 
per group. Proteoglycan synthesis was expressed as percentage compared to 
incubation without stimulus and presented as mean +S.E.M. for in vitro 
experiments and as mean +SD for in vivo experiments. A Friedman-test was used 
for statistical comparison of the behaviour of four different cartilage areas. For 
comparison of two areas a Wilcoxon-test was used. A p-value <0.05 was 
considered to be statistically significant. 
RESULTS 
In vitro experiments 
In vitro incubation with iodoacetate, papain and interleukin-1 caused inhibition of 
proteoglycan synthesis in central and peripheral patellar cartilage and in cartilage 
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Fig. 1. Synthesis of proteoglycans after 
4 hours incubation with 0.01 and 
0.1 mg/ml papain in vitro, measured by 
"S-sulfate incorporation in cartilage of 
central (pc) and peripheral (pp) patella and 
central lateral (tl) and central medial (tm) 
tibial plateau. The synthesis was expressed 
as % of the synthesis after incubation in 
medium without stimulus ±S.E.M. of four 
groups with 6 animals each. 
100 
2 3 
concentration lac in pg/ml 
I '»yA pP ^Ш ti 
Fig. 2. Synthesis of proteoglycans after 
4 hours incubation with 2 and 3 μg/ml 
iodoacetate in vitro, measured by 
i5S-sulfate incorporation in cartilage of 
central (pc) and peripheral (pp) patella and 
central lateral (tl) and central medial (tm) 
tibial plateau. The synthesis was expressed 
as % of the synthesis after incubation in 
medium without stimulus +S.E.M. of four 
groups with 6 animals each. 
from central lateral and central medial tibial plateau. Remarkable differences were 
visible between the stimuli. 
With both concentrations of papain (Fig. 1), less reduction in proteoglycan 
synthesis was shown in cartilage of the patella compared to the tibial plateau 
(p<0.05). No differences existed between central and peripheral part of the patella 
or between medial and lateral tibial plateau with both concentrations used. 
Incubation with both concentrations of iodoacetate (Fig. 2) diminished 
proteoglycan synthesis of the patellar cartilage significantly more than cartilage 
from the tibial plateau (p<0.01). The central part of the patella was most sensitive 
while the decrease was least in the lateral tibial plateau. With both concentrations, 
proteoglycan synthesis in the central part of the patella was reduced more than in 
по 
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the peripheral part (p<0.05). Furthermore, synthesis was inhibited more in the 
medial than in the lateral tibial plateau. This difference was significant with 
2 μg iodoacetate (p<0.05). 
100 
0.6 6 
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pc ^ pp І Н tl 
Fig. 3. Synthesis of proteoglycans after 
24 hours incubation with 0.6 and 6 ng/ml 
interleukin-la in vitro in presence of 
0.25 μg/ml rhIGF-1 and 1 mg/ml BSA, 
followed by 24 hours incubation without 
IL-1. Proteoglycan synthesis is measured by 
JSS-sulfate incorporation in cartilage of 
central (pc) and peripheral (pp) patella and 
central lateral (tl) and central medial (tm) 
tibial plateau. The synthesis was expressed 
as % (y-axis from 50-100%) of the 
synthesis after incubation in medium 
without stimulus ±S.E.M. of two groups 
with 6 animals each. 
With interleukin-1 (Fig. 3) the maximal inhibition of proteoglycan synthesis 
measured in vitro was about 50%. Even a high dose of 20 ng did not reduce the 
synthesis more than 50% (data not shown). Both concentrations of IL-1 did evoke a 
significantly higher response in the central part compared to the peripheral part of 
the patellar cartilage (p<0.01). Further differences between locations were not 
found. 
In vivo experiments 
Results of the in vivo experiments are shown in Fig. 4. Injection with 
physiological saline had no significant effects on proteoglycan synthesis (Fig. 4A). 
Papain (Fig. 4B) caused significant inhibition of proteoglycan synthesis in vivo in 
all areas. Proteoglycan synthesis in patellar cartilage was reduced 30% (p=0.02) 
and in tibial cartilage 40% (p=0.03). The differences between the areas were not 
significant. Injection with iodoacetate (Fig. 4C) led to a diminished synthesis of 
proteoglycans in all areas (p<7.10~4). Significant differences existed between the 
areas (p<105). The decrease in synthesis was most (85%) pronounced in the 
central patella, while proteoglycan synthesis in cartilage of the peripheral patella 
and the lateral tibial plateau were the least reduced (60%). Synthesis of the medial 
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tibial plateau was inhibited slightly more, but not significantly, than synthesis of the 
lateral tibial plateau. 
Interleukin-1 (Fig. 4D) also decreased the synthesis of proteoglycans significantly 
(p=0.01). Synthesis in the central part of the patella, the medial and the lateral 
tibial plateau were reduced similarly (+50%), in the peripheral patella inhibition 
was less (20%). Proteoglycan synthesis in the central part of the patella was 
significantly more reduced than in the peripheral part (p=0.005). 
pc pp II 
120 yg papain in vivo 
Fig. 4. Synthesis of proteoglycans in vivo, 
4 hours after intra-articular injection 
with 6 μΐ physiological saline (A), 
120 μg papain in 6 μΐ physiological 
saline (B), 30 μg iodoacetate in 
6 μΐ physiological saline (C), or 24 hours 
after intra-articular injection with 
10 ng interleukin-1 a in 6 μΐ physiological 
saline (D), measured by 3sS-sulfate 
incorporation in cartilage of central (pc) and 
peripheral (pp) patella and central lateral (tl) 
and central medial (tm) tibial plateau. The 
synthesis was expressed as average % of the 
synthesis in contra-lateral joint +SD of 
8 animals. The 100%-line (no changes) is 
indicated by a dashed line. 
pc pp tl tm 
30 „g lodoi 
pc pp tl tm 
DISCUSSION 
Site-specific changes in proteoglycan synthesis appeared to be stimulus related. 
With iodoaceteate, proteoglycan synthesis was inhibited more in patellar cartilage 
than in tibial cartilage, in contrast with papain which evoked more reduction in 
tibial than in patellar cartilage. Cartilage of the central part of the patella appeared 
more vulnerable to interleukin-1 α and iodoacetate than cartilage of the peripheral 
part, while both areas were equally sensitive to papain. Differences in vulnerability 
between central medial and central lateral tibial plateau were only found for 
iodoacetate, which reduced proteoglycan synthesis more in the medial than in the 
lateral tibial plateau. 
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Local vulnerability for a stimulus can be influenced by environmental and loading 
conditions. For example, the synovium releases factors which are able to affect 
cartilage (16). The distance between cartilage and synovium might determine the 
local concentration of factors released, so cartilage which is situated closer to 
synovium might be exposed to higher concentrations. This may alter cell 
metabolism and responsiveness to stimuli. On the other hand, on each location 
cartilage is exposed to mechanical loading and stresses, which may influence the 
response on metabolic stimuli directly (17-22), but also affect chondrocyte 
metabolism and matrix composition (23-28). Uchida et al. (29) demonstrated that 
long-term exposure to mechanical loading is able to change the responsiveness of 
growth plate chondrocyte in culture to hormonal stimuli and the overall composition 
of the extracellular matrix. 
Local differences between the effects of papain, iodoacetate and interleukin-1 are 
obvious. Because environmental and loading conditions determine matrix 
composition, we can not exclude the possibility of local variation in concentration 
of the stimulus due to differences in penetration. However, we used small 
molecules and relatively long incubation times in the in vitro studies, and therefore 
it is likely that all layers are reached and exposed to the action of the stimuli. 
Papain might possible evoke its effect by stripping of growth factor (i.e. IGF) cell 
membrane receptors. Because IGF-1 is the most important stimulator of 
proteoglycan synthesis (30), stripping of IGF receptors by papain will result in 
decrease of the IGF-1 signal. Long in vitro incubation times were used allowing 
papain to penetrate full depth cartilage. However, cartilage of the tibial plateau 
appeared to be more sensitive than patellar cartilage. This is confirmed by the 
results of the in vivo experiments. It could be that cartilage of the central tibial 
plateau is loaded less than patellar cartilage, leading to less tightly packed collagen 
bundles and proteoglycans (24) which makes it more easy for papain to degrade the 
matrix and reach the chondrocytes. 
One of the main effects of iodoacetate is reduction of the glycolysis but it also 
influences other oxidative pathways (12,31-32). Variable inhibitory effects in 
different cartilage regions as reported in this study, were previously found in vivo 
in rabbits (32) and mice (5-6,9-10,12). Because iodoacetate is a small chemical 
which will easily penetrate into cartilage on all locations, the variability between the 
regions can not be explained by diffusion. Dunham et al. (32) found less inhibition 
of metabolic enzyme activity due to iodoacetate injection in the superficial cartilage 
layer, the region which is most likely to be exposed to the stimulus because this is 
the site of transition of nutrients from joint cavity towards the deeper layers. They 
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proposed that chondrocytes of the superficial layer are able to switch their 
metabolism to alternative pathways while chondrocytes of lower regions are more 
restricted to their primary metabolic pathway. We found that reduction of 
proteoglycan synthesis was strongest in the central part of the patella, maybe 
chondrocytes from this location are more confined to the use of their primary 
metabolic pathway than chondrocytes from other locations, for example from the 
peripheral part of the patella. In vitro proteoglycan synthesis in the peripheral part 
of the patella was inhibited more than in the tibial plateau. However, after in vivo 
injection of iodoacetate, proteoglycan synthesis in the peripheral patella was 
reduced the least of the four locations studied, and even appeared to be highly 
stimulated after 3 days (6, 9-10). Probably cartilage from this area has a very quick 
repair response, reflected in enhanced proteoglycan synthesis. 
Cartilage of central patella appeared to be more vulnerable to IL-1 than that of the 
peripheral patella both in vivo and in vitro. Possibly, the central patella has more 
receptors or higher affinity receptors than chondrocytes of the peripheral patella. 
Differences in affinity for IL-1 have also been described for chondrocytes of ankle 
and knee joint cartilage (11). In accordance with our observations of a similar 
response of patella, (when taken as a whole) and tibia (central medial and central 
lateral plateau taken together), Page Thomas et al. (33) also found identical 
35S-sulfate uptake in patella and femur one day after injection of IL-1. After three 
days however, the inhibition was more pronounced in the patella than in the femur, 
which they explained by slower recovery rate in patella compared to femur and 
tibia and not by differences in sensitivity to IL-1. 
In this study we showed similar responses in vivo and in vitro. Because an 
important difference between in vivo and in vitro condition is the lack of direct 
mechanical loading in vitro, it may be concluded that direct loading is not essential 
for the difference in response of cartilage to either of the stimuli tested. Also others 
have shown that metabolic differences between normal articular chondrocytes of 
various locations, continue to be expressed in culture (11,34-35). 
In summary, our results show that local differences in cartilage vulnerability exist. 
These appeared to be caused mainly by differences in chondrocyte sensitivity which 
will probably be related to matrix composition and chondrocyte metabolism varying 
with loading and environmental conditions. Our observations further demonstrate 
that the magnitiude of proteoglycan synthesis inhibition in specific areas of the knee 
joint depends on the stimulus used. This indicates that differences in location of 
osteoarthritic lesions may be related to the initial causative factor. 
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CHAPTER 8 
INDUCTION OF OSTEOARTHRITIS BY INTRAARTICULAR 
INJECTION OF COLLAGENASE IN MICE 
Strain and sex related differences 
G.J.V.M. van Osch, P.M. van der Kraan, EX. Vitters, 
L. Blankevoort and W.B. van den Berg 
Abstract: To study the effects of strain and sex on the development of injury-
induced osteoarthritis (OA) in murine knee joints, two doses of highly purified 
bacterial collagenase (10 units and 30 units) were injected into male and female 
mice of two closely related strains, C57BL6 and C57BL10 Frontal histological 
sections of whole knee joints were made late in the disease process and examined 
for osteoarthntic lesions 
Differences in prevalence of cartilage damage between strains and sexes were 
observed Prevalence was higher in C57BL10 (male almost 100%) than in C57BL6 
(male about 25%), and the prevalence was twice as high in males as in females in 
both strains The amount of collagenase (10 or 30 units) did not affect the 
prevalence of lesions, however, it did influence the severity of the damage The site 
of the damage appeared to be dose and strain dependent Male C57BL6 always 
showed damage on the medial tibial plateau, independent of dose In male 
C57BL10 damage almost always appeared on the lateral tibial plateau with 10 
units, while with 30 units the medial plateau also became strongly involved 
Since it is known that male mice are more prone to spontaneous OA than female 
mice and C57BL10 are more prone than C57BL6 mice, it can be concluded that 
predisposition to spontaneous osteoarthritis increases the risk of developing injury-
induced osteoarthritis Location and severity of the changes will probably be related 
to joint loading 
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INTRODUCTION 
Osteoarthritis (OA) is a common disease in human adults. The knee joint is 
frequently affected and different factors such as age, obesity, gender (increasing 
with age), overuse, injury, congenital and skeletal deformations of the knee, genetic 
predisposition and certain metabolic diseases are thought to increase the risk for 
knee OA. It is thought that a coexistence of different risk factors leads to the 
disease. In order to gain more insight into the pathogenetic mechanisms of 
osteoarthritis, differentiation is made between 'primary' generalized OA and 
'secondary' injury-induced OA. There are indications that predisposition to 
generalized OA influences the development and severity of injury-induced OA. 
Increased frequency and severity of OA was found after unilateral meniscectomy in 
knees of patients with X-ray changes in the hands (1). However, very little is 
known about which factors influence the development of osteoarthritis after injury 
and to what extent. 
Mice strains exist that develop OA spontaneously. This can be regarded as 
'primary' OA. There appears to be enormous variation in the incidence of OA 
between mice strains (2), as well as variation in the location of lesions. STR/ORT 
and STR/IN mice have a high prevalence of OA in the medial tibial plateau (3,4) 
while C57BL mice aged 1 year or older, develop OA in the lateral tibial plateau 
(5,6). Furthermore, in different inbred strains of mice there is a higher 
susceptibility to OA in males than in females (4,7,8). Hence, it appears that gender 
and genetic factors are involved in the development of primary OA. 
A model for 'secondary' OA using an intra-articular injection with highly purified 
collagenase into the knee joints of mice was developed by Van der Kraan et al. (9). 
We showed previously that collagenase does not have direct effects on cartilage 
(10) but it acts by destroying joint structures containing collagen type I such as 
ligaments inducing joint instability (11). After a month histological sections of 
whole knee joints show local disappearance of cartilage, osteophyte formation at the 
joint margins, at the insertion of collateral ligaments and sometimes at cruciate 
ligament insertion sites, formation of cartilage in ligaments, sclerosis of 
subchondral bone and fibrosis. 
To test the hypothesis that predisposition to spontaneous OA may influence the 
development and severity of injury-induced OA, we studied the effect of sex and 
strain on the development of osteoarthritis after intra-articular injection of 
collagenase in mice. Prevalence, location and severity of cartilage damage in male 
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and female mice of two closely related strains (C57BL10 and C57BL6) were 
compared. 
MATERIALS AND METHODS 
Animals 
Male and female mice aged 10-14 weeks of two closely related strains, C57BL10 
and C57BL6 were used. The animals were kept in cages on a wood chip bedding in 
an air-conditioned room at constant temperature and were fed a standard laboratory 
diet (Hope farms, Deventer, The Netherlands) and acidified water ad libitum. 
Induction of osteoarthritis 
After anesthetizing the mice with ether, the right knee joints were injected once 
intra-articularly along the patellar tendon with 10 or 30 units of highly purified 
collagenase (type VII, Clostridium histolyticum, Sigma St. Louis, MO, U.S.A) 
dissolved in 6 μΐ physiological saline. The left knee joint served as a control. 
Previous studies did not show effects of injection of 6 μ\ physiological saline (9). 
Histology 
Mice were killed at late time points (mostly at 6 weeks, some of the mice were 
killed after 9 weeks) after collagenase injection and both knee joints were examined 
histologically. The knees were fixed in phosphate-buffered formalin (pH 7.4), 
decalcified in 5% formic acid and embedded in paraffin wax. Frontal whole knee 
joint sections were made (7 μιτι) and stained with safranin О and fast green. 
For each knee joint, six sections were scored for the presence of cartilage changes 
in the medial and lateral tibial plateau. The amount of cartilage damage was scored 
on a semi-quantitative scale (see footnote to Table 2). A joint was scored positive 
when changes were present in at least two consecutive sections. Distinction was 
made between the medial and lateral, and between the central and peripheral area of 
the tibial plateau. 
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Calculations 
Prevalence of OA was scored irrespective of the severity of damage. Location of 
cartilage damage was scored and divided as absent, medial only, lateral only and 
both medial and lateral plateau. Differences in prevalence and location between 
strains, sexes and doses were analyzed statistically using the chi-square test. 
RESULTS 
Histological sections of murine knee joints with osteoarthritic changes showed 
local disappearance of cartilage, osteophyte formation at the joint margins, at the 
insertion of collateral ligaments and sometimes at cruciate ligament insertion sites, 
formation of cartilage in ligaments, sclerosis of subchondral bone and fibrosis. The 
prevalence, severity and location of changes with special focus on cartilage lesions, 
were analyzed in the knee joints of male and female mice of the C57BL6 and 
C57BL10 strain, injected with highly purified collagenase. Contra-lateral joints did 
not show changes. 
Table 1. Prevalence of oueoarthrtttc-like changes in the cartilage of male and female mice of C57BL10 
and C57BL6 strain 42 days after injection of collagenase 
Strain 
C57BL10 
C57BL6 
Sex 
male 
female 
male 
female 
Dose (units) 
10 
30 
10 
30 
10 
30 
10 
30 
tt Mice 
10 
10 
8 
6 
9 
11 
13 
11 
Prevalence 
8/10 
10/10 
4/ 8 
4/ 6 
2/ 9 
2/11 
1/13 
1/11 
Strain and sex related differences 121 
Prevalence 
C57BL10 mice appeared to have a significantly higher prevalence of cartilage 
lesions than C57BL6 mice (p<0.00005) (Table 1). After injection with 10 units 
collagenase, 8 of 10 male C57BL10 mice (80%) developed osteoarthritic lesions, 
while only 2 of 9 male C57BL6 (22%) showed lesions. The prevalence in females 
was half the prevalence in males of the same strain (p<0.02). 4 of 8 C57BL10 
females (50%) and 1 of 13 C57BL6 females (8%) developed OA. Increasing the 
amount of collagenase from 10 to 30 units had no significant effect on the 
prevalence of lesions. Although the prevalence in C57BL10 male mice increased 
from 80 to 100% and in females from 50 to 67%, the prevalence decreased from 
22 to 15% in C57BL6 males and remained unchanged in females. 
Severity 
The focal character of the lesions made careful examination and scoring 
necessary. Lesions visible in a certain section of the joint may be absent in the next 
section. If lesions showed up damage was scored ' + ', ' + + ' or ' + + + ' (Table 2). 
Table 2. Severity of cartilage damage in the tibial plateau of male mice of C57BLI0 and 
C57BL6 strain after injection with 10 or 30 units collagenase 
Dose (units) 
10 
30 
Strain 
C57BL10 
C57BL6 
C57BL10 
C57BL6 
# Mice with 
damage 
28/31 
9/23 
28/30 
6/17 
+ 
(%) 
15 
22 
18 
14 
+ + 
(%) 
44 
33 
14 
14 
+ + + 
(%) 
41 
44 
68 
71 
+ Slightly damaged cartilage, fissures of disappearance of small pieces, + + largely damaged 
cartilage, pieces of uncalcified cartilage have disappeared while the calcified layer was still intact, 
+ + + severely damaged cartilage, all cartilage has disappeared 
Severity of the lesions were identical in C57BL6 and C57BL10 mice, and no 
differences could be seen between males and females (data not shown). Damage in 
cartilage and in soft tissues appeared to be more intense and more extended after 
injection with 30 units compared with 10 units collagenase With 30 units 
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significantly (ρ<0.02) more mice had severe damage (+ + +) than with 10 units. 
More often both medial and lateral plateau were involved. 
Localization 
Fig. 1 shows a frontal section of a normal murine 
knee joint, stained with safranin О and fast green, 
smooth cartilage surfaces can be seen. After injection 
of collagenase, cartilage damage can appear. 
Depending on the strain and dose of collagenase, 
differences in location of the damage occurred. 
Lesions were always located in the femoro-tibial 
joint, the patella never showed cartilage lesions. 
A differentiation was made between medial and lateral 
plateau (Table 3). Location of damage was scored as 
either medial or lateral, both medial and lateral or 
absent. Mice of the C57BL6 strain always showed 
cartilage lesions in the medial tibial plateau, 
independent of dose (Fig. 2). Location of damage in 
C57BL10 mice depended on the amount of 
collagenase injected. For the most part, 10 units 
induced lesions in the lateral plateau (Fig. 3), whereas 
Fig. 1. Frontal section of a 
normal murine (C57BL10 male) 
knee joint stained with safranin О 
and fast green showing smooth 
cartilage surfaces. Ρ = patella, 
F=femur, T=tibia, m=medial 
tibial plateau, I = lateral tibial 
plateau. 
the effect of 30 units collagenase was more extended 
and the medial tibial plateau was damaged more frequently (p<0.05) (Fig. 4). 
When both medial and lateral plateau were involved, the damage on the medial side 
frequently was more severe. 
Table 3. Prevalence of cartilage damage at specific locations in the tibial plateau of male mice of 
C57BL10 and C57BL6 strain after injection with 10 or 30 units collagenase. 
Dose 
10 
30 
Strain 
C57BL10 
C57BL6 
C57BL10 
C57BL6 
ft Mice 
31 
23 
30 
17 
Absent 
(%) 
10 
61 
7 
65 
Only medial 
(%) 
16 
17 
17 
23 
Only lateral 
(%) 
61 
9 
30 
0 
Both med/lat 
(%) 
13 
13 
46 
12 
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Fig. 2. Knee joint of a male C57BL10 mouse 
after injection with 10 units collagenase showing 
cartilage damage localized on the lateral side of 
the joint. F=femur, T=tibia, m=medial side, 
I=lateral side, о=osteophyte, cl=collateral 
ligament, (frontal section, safranin О fast green 
staining). 
Fig. 3. Knee joint of a male C57BL10 mouse 
after injection with 30 units collagenase showing 
cartilage damage extends on both medial and 
lateral side of the joint. Not only cartilage but 
also large parts of subchondral bone have 
disappeared. Key as for Fig. 2. (Frontal section, 
safranin О fast green staining). 
Fig. 4. Knee joint of a male C57BL6 mouse 
after injection with 10 units collagenase showing 
cartilage damage localized on the medial side of 
the joint. Key as for Fig. 2. (Frontal section, 
safranin О fast green staining). 
Fig. S. Knee joint of a male C57BL6 mouse 
after injection with 30 units collagenase showing 
cartilage damage extends more than with 
10 units of collagenase. Damage is mainly 
localized on the medial side of the joint but 
lateral damage also exist. Key as for Fig. 2. 
(Frontal section, safranin О fast green staining). 
DISCUSSION 
Intra-articular injection with highly purified collagenase in the knee joint of mice 
led to the development of osteoarthritic lesions. The prevalence of lesions was 
higher in males than in females. Mice of two closely related strains appeared to 
have different sensitivity to osteoarthritis development. After injection of 
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collagenase, C57BL10 had a higher prevalence of cartilage damage than C57BL6. 
Differences in location of cartilage damage also existed. C57BL6 had lesions on the 
medial side of the femoro-tibial joint, independent of the amount of collagenase. 
The location of damage in C57BL10 mice was dose dependent. Injection of 10 units 
resulted predominantly in lateral lesions while 30 units also damaged cartilage on 
the medial side. Severity of lesions was independent of sex and strain, but damage 
was more severe with a high dose of collagenase than with a low dose. Sex and 
strain related differences can be due to various factors. For example, differences in 
body weight, properties of cartilage, ligaments and subchondral bone, geometry of 
the joint and differences in levels of cytokines, growth factors and hormones. Our 
results imply that very closely related strains, like the substrains C57BL10 and 
C57BL6 respond differently to injection of collagenase. Because most authors only 
report they used C57 Black mice, without mentioning the substrain, it is difficult to 
compare our results with those from literature. 
The main effect of collagenase is induction of joint instability. Recent experiments 
have shown that collagenase injection is indeed able to cause joint instability (11). 
Inflammation would not appear to be the cause of this instability because injection 
with the highly inflammatory agent, zymosan, induced no changes in joint stability 
(11). We previously did experiments to show that collagenase does not have direct 
effects on cartilage. Incubation of intact murine patellae in vitro with different 
doses of collagenase for different periods of time did not alter proteoglycan 
synthesis, degradation or content (10). Although collagenase appears unable to 
affect intact cartilage, it may however, be able to digest sliced cartilage, where the 
epitopes for collagenase are exposed. Further evidence is provided by the fact that 
after injection of collagenase, histological changes in the cartilage first appear after 
a month, as does inhibition of proteoglycan synthesis in vivo (10). This is in 
contrast with what would be expected when collagenase acts directly on cartilage. 
Other metabolic stimuli which act directly on cartilage, like papain, interleukin-1 
and iodoacetate, always show quick inhibition of proteoglycan synthesis and loss of 
safranin О staining. 
To gain more insight in the pathological process after collagenase injection, the 
route from collagenase injection to osteoarthritic lesions is divided into two levels. 
Level one represents the induction of knee joint instability by injection of 
collagenase, level two represents the development of osteoarthritic lesions by the 
induced instability. In level one, substrain and sex differences in vulnerability of 
ligaments to collagenase, will lead to different amounts of ligament damage and 
thereby to different magnitudes of joint instability. Sensitivity of ligaments to 
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collagenase is determined by the synovial sheath covering ligaments and by the 
quality and composition of the ligaments themselves. Ligament quality and 
composition can be influenced by hormones. Estrogen appeared to increase the 
elastin content and fiber diameter and decreased the collagen content, while 
testosterone had the opposite effects by decreasing elastin and increasing collagen 
content (12-14). Synovial inhibitors of collagenase, like TIMP, might be present but 
are probably unable to inhibit the activity of this type of bacterial collagenase. 
Differences in sensitivity between specific ligaments can lead to different kinds of 
injury. The type of injury, which ligament is damaged, determines the type of 
instability and thereby the location of the lesion. In humans, dogs and rabbits it was 
shown that rupture of the anterior cruciate ligament alone or in combination with 
the medial collateral ligament will lead to damage on the medial side of the joint 
(15-18), while lateral instability will cause lesions predominantly on the lateral side 
(19,20). In this study, severity of cartilage lesions appeared to be determined only 
by the amount of collagenase injected. Injection of 30 units collagenase led to more 
extensive and more severe cartilage lesions. It is probable that 30 units collagenase 
caused more extensive ligament damage and thereby higher joint instability than 10 
units. These results are in agreement with the observations of Gillquist (21), who 
showed that higher instability of the human joint led to more extensive cartilage 
lesions. 
After the joint has become unstable, several factors may influence the 
development of OA (level 2). Kannus (22) states that stability is the most important 
factor determining the development of OA after injury in human. Age, sex and 
obesity are of secondary importance. Doherty et al. (1) found that patients with 
unilateral meniscectomy who had Herberden's nodes (scored by X-ray changes in 
the hands) showed more frequent and more severe knee OA than did patients 
without X-ray changes in the hands. They state that this demonstrates that 
predisposition to generalized osteoarthritis influences the development and severity 
of injury induced OA. Patients with a meniscectomized knee had higher prevalence 
and more severe damage when combined with joint changes in the hand, indicating 
primary OA. Various factors which are also involved in the development of 
spontaneous OA appear to influence the development of OA after injection of 
collagenase. Differences in the composition of proteoglycans and in arrangement of 
collagen fibers, mediated via genetically based differences in chondrocyte 
metabolism or regulated by growth factors and hormones (23,24), may influence 
the sensitivity of cartilage for altered loading (25). Male sex hormones were 
demonstrated to have an osteoarthritis promoting effect in growing male and 
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female C57BL mice (7,8) This is in concordance with the higher prevalence of 
cartilage lesions in male mice with spontaneous OA and collagenase-induced 
osteoarthritis than in females as indicated in this study Although inflammation is 
not likely to cause instability, it does induce the release of mediators in the joint 
fluid Differences in mediator composition or differences in vulnerability between 
mice could exist 
Geometry of the cartilage surfaces and alignment of the knee joint probably 
determine location of the damage These factors determine load distribution in the 
knee joint and thereby the location of osteoarthntic lesions (26-29) In several 
mouse strains different areas of the knee joint are affected (4-6) Many genetic 
differences in skeletal characteristics appear to exist between mice of different 
strains and even between mice of C57BL sublines (2,30) but until now a clear 
relation between skeletal characteristics and location of osteoarthntic damage has 
not been found According to the literature (5,6) spontaneous OA lesions in C57BL 
mice mainly develop laterally (60%), a small proportion medially (22%) and an 
even smaller proportion both medially and laterally (18%) Although no information 
is available on the substrain used in these studies the distribution of damage 
resembles that observed in C57BL10 mice after injection of 10 units collagenase 
In conclusion, variation exist in prevalence of spontaneous OA between mice 
strains (2) and in general there is a higher susceptibility to OA in male mice than in 
iemale mice (4,7,8) After collagenase inaction C57BL10 appeared to have a 
higher prevalence of OA than С 57BL6 Injection with collagenase lead more 
frequently lead to OA in male than in female mice These differences in prevalence 
between strains and sexes suggest that mice that arc prone to (he disease have a 
higher risk of developing OA after injection of collagenase This confirms the 
statement that predisposition to generalized OA influence the development of injury-
induced OA (1) Generalized abnormalities in connective tissue may be important in 
determining the initial development ot the disease while traumatic and mechanical 
torces may be regarded as factors that influence the location and the seventy of the 
disease (31) 
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CHAPTER 9 
THE RELATION BETWEEN CARTILAGE DAMAGE AND 
OSTEOPHYTE FORMATION IN AN INSTABILITY-INDUCED 
MODEL FOR OSTEOARTHRITIS IN THE MURINE KNEE 
G.J.V.M. van Osch, A.A. van Valburg, 
P.M. van der Kraan and W.B. van den Berg 
Abstract: The aim of this study is to investigate the relationship beween location 
and size of osteophytes and cartilage loss in an instability-induced experimental 
model for osteoarthritis 
Osteoarthritis was induced in murine knee joints by injection of highly purified 
bacterial collagenase, causing joint instability The size of osteophytes and cartilage 
loss was measured on different locations m the joint using image analysis on 
histological sections of total knees 
The group of 133 animals studied contained mice with cartilage damage of only 
one side of the joint, either medially or laterally, and mice with damage on both 
sides Cartilage damage never occurred without osteophytes However, about 20% 
of the mice had osteophytes without cartilage damage If present, osteophytes were 
located on all sites, independent of the location of cartilage damage, but the size of 
the osteophytes on a certain location was related to the location of the cartilage 
damage Cartilage loss on the lateral tibial plateau correlated good with the size of 
lateral osteophytes, especially the osteophyte at the margins of lateral tibial 
plateau Cartilage loss on the medial tibial plateau appeared to have a good 
correlation with the size of medial osteophytes, especially the osteophyte on the 
medial margin of the tibial plateau 
Although it is likely that mechanical forces play a role m the development of both 
cartilage damage and osteophytes, the etiopathogenesis is still unknown This study 
shows that a relation exists between the amount of cartilage damage and the 
dimension of osteophytes, in an experimental instability-induced osteoarthritis 
model 
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INTRODUCTION 
The two most important features to diagnose osteoarthritis are loss of cartilage 
and formation of osteophytes. Osteophytes are outgrowths of bone and cartilage 
which develop in an early stage of the disease process. They appear at the joint 
margin, from periosteum near the articular surface, or at the site of attachment of 
joint capsule or ligaments to bone. It has been suggested that osteophyte formation 
can occur as a result from repeated synovial membrane stretching (1) or from 
stimulation of cells at the chondrosynovial junction by polysaccharides derived from 
cartilage degeneration (5). Osteophytes are regarded as an indication of repair; an 
attempt to broaden the joint surface or an attempt to stabilize the joint in order to 
overcome abnormal cartilage loading (22,35). 
The presence of osteophytes is so prominent in degenerative joint disease that 
their absence would lead to consideration of another diagnosis. The Kellgren and 
Lawrence grading system, a frequently used radiographic score in research on 
osteoarthritis, is based on the presence of osteophytes. Study of the size, shape and 
location of osteophytes and cartilage damage can provide insight in the relationship 
between these two features. Although it is generally viewed that progressive 
cartilage changes are related to dimension and growth rate of osteophytes (12,15, 
19,26,29) some investigators question the relation between osteophytes and cartilage 
damage (7,12). 
Instability is evidently one of the factors able to initiate both cartilage damage and 
osteophyte formation (21-24). Differences in degree and kind of instability probably 
induce differences in severity and location of cartilage damage, as has been 
reported for patients with isolated lesions of ligaments or menisci (9,16-18) or 
animal models (2,6,11,14,20,27). Less is known about differences in location and 
size of osteophytes and whether this is also related to instability. The presence of 
osteophytes on the medial tibial spine has been suggested to be an indication for 
anterior cruciate ligament deficiency (8). Evidence for a relation between cartilage 
damage and osteophyte formation comes from the studies of Kannus et al. (16,17) 
who found both cartilage damage and osteophyte formation in the medial 
compartment after lesions of the medial collateral ligament and in the lateral 
compartment after lesions of the lateral collateral ligament. 
More knowledge about the relation between cartilage damage and osteophytes can 
provide insight in the mechanism of the disease and might be useful for the 
diagnosis of location and severity of cartilage damage by clinical examination of 
osteophytes. In this study the size of osteophytes and amount of cartilage loss are 
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measured on different locations in the joint using image analysis on histological 
sections of murine knees with instability induced osteoarthritis. Instability is 
induced by intra-articular injection with highly purified bacterial collagenase in the 
knee joint of mice. This causes joint instability (31) since collagenase damages 
collagen in ligaments. Although direct effects of collagenase on cartilage can not be 
ruled out completely, it is very likely that the induced ligament damage is the most 
important determinant for the development of OA in this model. Proteoglycan 
synthesis in cartilage of intact patellae was not changed after in vitro incubation 
with purified collagenase (33). Besides, damage to the collagen network is expected 
to lead to loss of proteoglycans in the matrix. However, loss of safranin О is never 
seen on histology. 
Severity and location of cartilage damage has been shown earlier to depend on the 
mouse strains used and the dose of collagenase injected (32). By using different 
strains and different dosages of collagenase, a large variation in severity and 
location of changes can be obtained. Cartilage damage can be present on the lateral 
side, on the medial side or on both sides of the joint. Osteophyte formation is 
observed at the margins of femoral condyles and tibial plateau and at the insertion 
site of collateral ligaments to the femoral bone. 
The aim of the present study is to investigate the relationship between location 
and size of osteophytes and cartilage loss in an instability-induced experimental 
model of osteoarthritis. 
MATERIALS AND METHODS 
Histological sections of knee joints of 133 mice from experiments performed 
previously were used. Male C57BL10 (105) and C57BL6 (28) mice 
(age 12-14 weeks) were injected intra-articularly in the right knee with 10, 20 or 
30 units highly purified bacterial collagenase (type VII, Clostridium histolyticum, 
Sigma, St. Louis, MO, USA). Right knee joints were isolated for histology after 
5-8 weeks. No significant time-dependent differences between the magnitude of the 
changes were found (data not shown). Knee joints were fixed in phosphate-buffered 
formalin (pH 7.4) for five days and decalcified in 5% formic acid for four days. 
Standard processing of the tissue in an automatic tissue processing apparatus was 
followed by embedding of the knee joints in paraffin wax. Frontal sections were 
prepared (7 μπι) and every 20th section was fixed on slides and stained with 
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safranin О and fast green. This resulted in 6-7 sections per knee joint, from which 
2-4 sections, showed good morphology of all structures. 
Quantification procedure 
An image of a histological section was recorded using a Sony CCD/RGB colour 
video camera and displayed on a Nee Multisync 3D monitor. Video Image Digital 
Analysis System (VIDAS, Kontron Image Analysis Division, Zeiss, 
The Netherlands) running on a 80386 personal computer was used for geometric 
analysis of the sections. The amount of cartilage which had disappeared from lateral 
and medial tibial plateau and the size of osteophytes at the joint margins and at the 
attachment of collateral ligaments to the femur were measured in 2-4 histological 
sections per knee joint by a previously validated method (34). For each joint an 
'average value' was calculated. 
Fig. 1. Schematic overview of a frontal section of a murine knee joint, 
indicating the location of osteophyte formation P=patella, F = femur, 
Τ = tibia, lei=osteophyte at insertion of lateral collateral ligament, 
If = osteophyte at margin of lateral femoral condyle. It = osteophyte at 
margin of lateral tibial plateau, mcl = osteophyte at insertion of medial 
collateral ligament, mf= osteophyte at margin of medial femoral condyle, 
mt = osteophyte at margin of medial tibial plateau 
Cartilage loss 
Damage of the tibial plateau is always clearly present and therefore used as a 
measure for cartilage damage in the joint. Damage of the femoral condyle will be 
related to damage of the opposite, articulating, tibial plateau (own results, data not 
shown). The amount of cartilage loss on medial and lateral tibial plateau was 
presented as percentage of the total cartilage area in that compartment. This was 
achieved by making an estimation of the cartilage contour when damage was absent 
and an estimation of the contour of the disappeared cartilage. The contours were 
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marked using a mouse, a digitahzation tablet and on-line visualisation on a monitor 
The areas enclosed by the contours were calculated automatically and the 
percentage of lost cartilage was calculated from the estimated disappeared area and 
the estimated undamaged area For each joint the average value of the measured 
sections was used for further analysis 
Osteophytes 
The size of osteophytes on six locations was measured as the area occupied by the 
osteophyte in the frontal section (in μτη2) (Fig 1) Two osteophytes at the insertion 
site of collateral ligaments to the femoral bone (lei and mcl) and four marginal 
osteophytes, located at the medial and lateral femoral condyle (mf and If) and the 
medial and lateral tibial plateau (mt and It) An osteophyte was marked using the 
mouse by outlining the area of newly formed bone and cartilage For each joint an 
'average value' of the measured sections was calculated for each osteophyte 
Reproducibility 
Measurements of the amount of cartilage loss and the size of osteophytes could be 
done reproducibly Intra- and inter-observer variations appeared to be small (34) 
Concerning cartilage loss, the average intra-observer correlation was 0 9, the 
average inter-observer correlation was 0 7 For measurements of osteophyte size 
the intra-observer correlation ranged from 0 6 for lcl to 0 9 for mf, the înter-
observer correlation ranged from 0 7 for It to 0 8 for mf Cartilage loss and 
osteophyte sizes could be determined with sufficient accuracy 
Data analysis 
If cartilage damage was present on both medial and lateral tibial plateau, damage 
in one plateau may possibly interfere with the relationship between the size of 
osteophytes and the amount of cartilage damage in the other plateau We therefore 
divided the mice in four groups a group with only cartilage loss on the lateral tibial 
plateau (group L), a group with only cartilage loss on the medial tibial plateau 
(group M), a group with both medial and lateral loss (group ML) and a group with 
no cartilage loss (group 0) Correlations between the amount of cartilage damage 
and the size of the osteophytes were calculated with Spearman's rank correlation 
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A p-value <0.01 was considered to indicate a statistically significant correlation. 
Comparisons between groups were made using rank sum tests (Wilcoxon for 
unpaired observations or Wilcoxon for paired observations). A p-value<0.05 was 
considered as statistically significant. 
RESULTS 
133 Right knees of mice injected 
with collagenase were used. 
Considerable variation existed 
between the mice. The location of 
cartilage damage was different for 
C57BL6 and C57BL10 mice. With 
a low dosage of collagenase, 
C57BL10 predominantly showed 
amage on the lateral tibial 
plateau while C57BL6 mice 
mainly had damage medially. 
Higher dosages resulted in 
cartilage damage on both plateaus, 
especially in C57BL10 mice. 
Cartilage damage never occurred 
without osteophytes 
100 
med 
L M ML 
site of cartilage damage 
Fig. 2. Cartilage /ass (mean % ±SD) on medial (black) 
and ¡alerai (dashed) tibial plateau in mice with cartilage 
lost from the lateral tibial plateau only (group L, η = 46), 
from the medial tibial plateau only (group M, n = 16), or 
Seven joints f
rom
 both medial and lateral tibial plateau (group ML, 
n-showed no changes. However, n=39>-
about 20% of the mice had osteophytes without cartilage damage. If present, 
osteophytes were located on all sites, independent of the location of cartilage 
damage, but the size of the osteophytes on a certain location was related to the 
location of the cartilage damage. 
To avoid interference of damage in one tibial plateau with correlations concerning 
damage in the other plateau, the mice were divided in four groups according to the 
location of cartilage damage. The relative amount of cartilage loss (Fig. 2) was 
similar (about 30%) in the group with cartilage loss on the medial plateau only 
(group M) and the group with cartilage loss on the lateral plateau only (group L). 
When both plateaus were damaged, more cartilage was lost medially (51%) than 
laterally (16%). Osteophytes at the medial side of the joint, in general were 
significantly larger than at the lateral side (Fig. 3). For both sides the osteophyte at 
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the insertion of the collateral 
ligament is the largest. When 
comparing the different groups, 
osteophytes at the lateral side of 
the joint were largest when 
cartilage damage was present on 
the lateral tibial plateau (groups L 
and ML). Osteophytes at the 
medial side of the joint were 
largest in combination with medial 
cartilage damage (groups M and 
ML). This may point to correlation 
between the dimension of osteo­
phytes at certain side and the 
severity of cartilage damage on the 
same side. Furthermore it was 
obvious that, in groups where 
cartilage damage was present, the 
size of osteophytes at the margins 
of both medial and lateral tibial 
plateau and at insertion of lateral 
collateral ligament were increased 
the most in comparison with 
osteophyte sizes in group 0, the 
group with osteophytes but without 
cartilage damage. This suggests 
that the osteophytes at the margins 
of the tibial plateau might be 
the most interesting ones for 
correlation with cartilage damage. 
We studied correlations in 
different situations: all mice 
combined, regardless of the 
location of cartilage damage 
eoo 
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320 • 
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M ML 0 
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R4D 
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Fig. 3. Osteophyte size (mean μιη1 ± SD) on medial (A) 
and luterai (B) side of the joint. Presented are 
osteophytes at insertion site of medial and lateral 
collateral ligament (mei, lei), osteophytes at the margin 
of medial and lateral femoral condyle (mf, Iß and medial 
and lateral tibial plateau (ml,It) in mice with cartilage 
lost from the lateral tibial plateau only (group L, η = 46), 
from the medial tibial plateau only (group M, n = 16), 
from both medial and lateral tibial plateau (group ML, 
n = 39), or in mice with intact cartilage but osteophytes 
present (group 0, η = 25) 
(Table 1A); cartilage damage in only one plateau, either medial or lateral 
(Table IB); or cartilage damage in both plateaus simultaneously (Table 1С). 
Different locations of cartilage damage were combined in the group which 
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considers all mice (Table 1A). When both plateaus were damaged simultaneously, 
the size of a certain osteophyte may be related to either sites of cartilage damage. 
This cross-correlation can make it difficult to gain insight in the relation between 
the location of cartilage damage and osteophytes. The groups of unilateral cartilage 
damage were the most pure ones, but these were rather small, especially group M. 
In these groups however, cartilage damage was only present on one side and the 
relation with osteophytes could not be influenced by other damage. To calculate 
relationships between the amount of cartilage loss and the size of osteophytes, 
Spearman's rank correlation was used. The osteophyte at the insertion of the lateral 
collateral ligament (lcl) correlates with cartilage damage medial and lateral, the 
osteophyte at the insertion of the medial collateral ligament (mcl) did not correlate 
well with any cartilage damage. Concerning osteophytes at the margins of the 
femoral condyles it holds that the size of the lateral osteophyte (If) correlated better 
with the amount of lateral cartilage damage, the medial osteophyte (mf) with medial 
cartilage damage. Most prominent was the correlation between cartilage damage 
and osteophytes at the margins of the tibial plateaus. The size of the osteophyte at 
the margin of the lateral tibial plateau (It) was correlated with the amount of lateral 
cartilage loss; the size of the osteophyte at the margin of the medial tibial plateau 
(mt) with medial cartilage loss. 
We would like to highlight the osteophyte at the margin of the medial tibial 
plateau, because we think this may be a good predictor for medial cartilage 
damage. Fig. 4 shows that lateral cartilage damage did not correlate with the size of 
the medial tibial osteophyte whereas medial cartilage damage had a good correlation 
with the size of the medial tibial osteophyte, even in the group with cartilage 
damage in both tibial plateaus. 
Besides the size, the shape of osteophytes may also provide information about 
their function. Fig. 5 shows a histological section of a joint, showing clearly the 
differences in shape of the osteophytes. In general, osteophytes at the medial side of 
the joint extended more than lateral osteophytes. Osteophytes formed at the 
insertion sites of collateral ligaments extend more in the joint cavity than marginal 
osteophytes. The shape of osteophytes at insertion sites can be described as a bulb 
on the femoral bone. Marginal osteophytes followed the existing contour of the 
femoral or tibial bone, providing a broadening of the articular surface. Osteophytes 
on tibial plateau and femoral condyle, especially on the medial side, were situated 
directly opposite to each other, extending the same amount to maintain smooth and 
articulating joint contours. 
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Table I. Correlations between the amount of cartilage loss on medial or lateral tibial plateau and the 
size of osteophytes on 6 different locations, considering all 133 mice (A), mice with umcompartimental 
cartilage damage (B) or mice with both medial and lateral cartilage damage (C) Spearman's rank 
correlation coefficient (r) is presented for osteophytes at insertion sites of lateral (lei) and medial (mcl) 
collateral ligament, and at the margins of lateral femoral condyle (If), medial femoral condyle (mf), 
lateral tibial plateau (It) and medial tibial plateau (ml) 
lcl 
mcl 
If 
mf 
It 
mt 
All 
A 
joints 
combined 
(n = 
Lateral 
tibial 
plateau 
0 48 * 
-0 03 
0 5 6 * 
0 18 
0 59 * 
0 22 
= 133') 
Medial 
tibial 
plateau 
0 45 * 
0 34 * 
0.27* 
0 5 0 * 
0 13 
0 71 * 
В 
Umcompartimental 
cartilage damage 
(group L, n = 
group Μ, η 
Lateral 
tibial 
plateau 
group L 
0 37 
-0 27 
0 5 9 * 
0 04 
0 65 * 
0 03 
= 46 
= 16) 
Medial 
tibial 
plateau 
group M 
0 30 
0 05 
0 37 
0 09 
0 43 
0 49 
С 
Both tibial plateaus 
damaged 
(group 
Lateral 
tibial 
plateau 
0 20 
-0 02 
0 30 
0 07 
-0 15 
0 26 
ML η = 39) 
Medial 
tibial 
plateau 
0 51 * 
0 11 
0 06 
0 4 9 * 
0 32 
0 49 * 
* Indicates a p-value <0 001 
* 7 Mice had no OA changes 
DISCUSSION 
The results presented in this study show that cartilage damage of the medial tibial 
plateau is related to osteophyte size on the medial side of the joint and lateral 
cartilage damage is related to osteophyte size at the lateral side of the joint. 
Although cartilage damage without osteophytes was never observed, 20% of the 
cases showed osteophytes without cartilage damage. In these cases cartilage damage 
may develop later or may not develop at all (7,12). If present, osteophytes were 
located on all sites, independent of the location of cartilage damage, but the size of 
the osteophytes on a certain location was related to the location and amount of the 
cartilage damage. In general, osteophytes on the medial side of the joint were larger 
than osteophytes on the lateral side of the joint 
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Fig. 4. Correlation between size of 
osteophyte at the margin of the medial 
tibial plateau and cartilage damage at the 
medial (A) and lateral (B) tibial plateau 
Group L only cartilage damage in the 
lateral tibial plateau, group M only 
cartilage damage in the medial tibial 
plateau, group ML cartilage damage on 
both plateaus 
In this model of instability-induced osteoarthritis, cartilage damage and 
osteophytes were observed predominantly in the instable femoro-tibial joint. It is 
likely that mechanical forces play an important role in the development of these 
changes. Marshall (21,22) stated that instability is the most important factor for 
initiation and formation of osteophytes after anterior cruciate ligament transection in 
dogs. The pattern of osteophyte formation in the joint is shown to be consistent 
with forces acting on the joint (3,4). The direction of instability appeared to 
determine the location of cartilage damage and osteophytes (16-18). It was also 
found that more advanced instability will result in more severe cartilage damage 
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and larger osteophytes (16-18). Further evidence for the importance of mechanical 
factors is found in studies were immobilisation and exercise were applied. 
Immobilisation after injection of iodoacetate or after transection of the anterior 
cruciate ligament in the knee decreased the amount of cartilage damage and 
osteophytes (25,36), whereas exercise increased both parameters (37). This 
indicates that mechanical factors are important in both processes. 
Fig. 5. Frontal section of a normal (A) murine knee joint (C57BL10) and a knee joint after injection 
with collagenase (10 units) (B), clearly showing the shape of the osteophytes. Osteophyte at the margin 
of lateral femoral condyle is not visible in this picture. P=patella, F=femur, T=tibia, cl=cartilage loss 
at lateral side of the joint, lei=osteophyte at insertion of lateral collateral ligament, lt=osteophyte at 
margin of lateral tibial plateau, mcl=osteophyte at insertion of medial collateral ligament, 
mf= osteophyte at margin of medial femoral condyle, mt=osteophyte at margin of medial tibial plateau. 
(Section is stained with safranin О and fast green). 
Cartilage damage and osteophyte formation are not necessarily causally related. 
Maybe both processes are induced by the same factor, but develop independently of 
each other. Drugs seem to be capable to influence osteophyte dimension and 
severity of cartilage damage independently (24,38). Probably joint instability causes 
cartilage damage and osteophyte formation directly because instability leads to 
different joint kinematics. Paits of the joint will be loaded differently from normal 
which can result in cartilage damage on one hand and osteophyte formation to 
broaden the joint surface (thereby redistributing forces) on the other hand. Because 
osteophytes, especially those at ligament insertion sites stretch out in the joint 
cavity, they are also able to restore joint stability by pressing against ligaments and 
capsule thereby tightening the lax structures to provide more stability. In late stages 
of the disease, osteophytes, together with calcification of ligaments sometimes cause 
140 CHAPTER 9 
fixed deformity of the joint (26) a situation which can also be seen in our animal 
model. Although cartilage will disappear completely from the fixed side of the 
joint, this natural arthrodeses is a way to keep the organism mobile. 
The etiopafhogenesis of osteophyte formation is still unknown. Probably different 
mechanisms can lead to induction of osteophyte formation. Giori et al. (10) showed 
that a relationship exists between high stresses and production of cartilage matrix in 
tendons. They speculate that loading of cells causes changes in cellular shape and 
this may cause production of a cartilage-like matrix in the tendons. It is also 
suggested that osteophytes are induced by chemical or hormonal transducers 
released due to biomechanical changes (24). Insulin and insulin-like growth 
factor-1 (IGF1) are likely to stimulate osteophyte growth in patients with О A 
(13,28). Injection of TGFß in the knees of mice lead to marked formation of 
osteophytes on medial and lateral side of femur, tibia and patella (30). Possibly, 
osteophytes are formed as a reaction to altered loading conditions by a release of 
growth factors (IGF, TGFß), stimulating cells at the chondrosynovial junction or 
cells from the periost to formation of new cartilage and bone. The long-term effects 
of TGFß on osteophytes are being investigated now. 
This study shows a relation between the amount of cartilage damage and the size 
of osteophytes at the corresponding joint side. Whether this is a generalized 
phenomena, also occurring in other forms of degenerative joint disease and even in 
human, has to be elucidated by further investigations. 
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CHAPTER 10 
CORRELATION BETWEEN LAXITY CHANGES, 
CARTILAGE DAMAGE AND OSTEOPHYTES IN 
COLLAGENASE-INDUCED OSTEOARTHRITIS IN MICE 
G.J.V.M. van Osch, P.M. van der Kraan, R. Huiskes, 
L. Blankevoort and W.B. van den Berg 
Abstract: In order to study the relation between changes in joint laxity and the 
development of osteoarthritis, mice of two different strains (C57BL10 and C57BL6) 
were injected intra-articularly in the knee joint with 3 or 10 units collagenase to 
induce joint laxity. After 3 days knee laxity was measured in anterior-posterior and 
in varus-valgus directions. The amount and location of cartilage loss and osteophyte 
formation were determined after 42 days. The results show a correlation between 
the prevalences of laxity change and cartilage loss (r=0.57), laxity changes and 
osteophyte formation (r=0.75) and between the prevalence of cartilage loss and 
osteophyte formation (r=0.88). There also was a correlation between the amount of 
laxity changes and the severity of cartilage damage (r=0.67), the amount of laxity 
changes and the size of osteophytes (r=0.75) and between the severity of cartilage 
loss and osteophyte size (r=0.94). Conclusions about a relation between the type of 
laxity change and the location of histological changes, could not be drawn. 
We conclude that joint laxity, induced after injection with collagenase, is the most 
important factor in the development of osteoarthritic changes. 
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INTRODUCTION 
Joint instability is a well-known cause of secondary osteoarthritis of the human 
knee (13,14,23-26). Knees can become instable after tears in ligaments or menisci 
(12,31,32,44,45). To study the pathogenesis of instability-induced osteoarthritis 
(OA) animal models are frequently used. In dogs and rabbits, instability was 
induced surgically by transection of one or more ligaments (mostly the anterior 
cruciate ligament) (2,7,8,22,34,41), (partial) meniscectomy (5,17,28,36), a 
combinanation of both (10), or transection of tendons and muscles (3). These 
models show osteoarthritic changes which mimic those in human OA, such as 
cartilage damage, osteophyte formation, fibrosis and sclerosis of subchondral bone. 
OA-like changes, closely resembling those in humans and in dog and rabbit models, 
also appear after injecting murine knee joints with highly purified bacterial 
collagenase (46,47,49). Collagenase induces increased joint laxity (48,51) with only 
a minimal amount of inflammation and the OA-like changes are therefore 
considered to be instability-induced. Depending on joint geometry and the 
compensating capacity of the muscles, increased laxity can lead to instability of the 
knee (20,37,38). 
Compared to normal, an instable knee will move differently, leading to altered 
load distributions in the joint (4,27,39). Cartilage damage and osteophyte formation 
can be induced due to this changed load distribution. Depending on the changes in 
load distribution patterns, cartilage will be damaged and osteophytes develop on 
specific sites (1,19,33,35). Earlier, we showed that after collagenase injection, 
strain and dose dependent differences in prevalence, severity and location of 
cartilage damage occurred (49). The amount of cartilage damage was shown to 
correlate with the dimensions of osteophytes (52). In this study, we investigated 
whether there is a correlation between the prevalence, severity and direction of 
laxity changes on the one hand and the prevalences, severity and location of 
cartilage damage and osteophyte formation on the other. 
MATERIALS AND METHODS 
Induction of joint laxity 
Male mice, aged 12-16 weeks, were used. Animals (6-15) were kept together, in 
cages with a wood chip bedding in a room air-conditioned at a constant 
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temperature. They were given a standard laboratory diet (Hope Farms, Deventer, 
The Netherlands) and acidified water ad libitum. Joint laxity was induced by intra­
articular injection of highly purified bacterial collagenase (type VII, Clostridium 
histolyticum, Sigma, St. Louis MO, USA) dissolved in 6μ1 saline into one of the 
knee joints. To obtain differences in prevalence, severity and location of cartilage 
damage, necessary for statistical evaluation, mice of two closely related strains 
(C57BL10 and C57BL6) were injected with 3 or 10 units collagenase. We tested 3 
experimental series, two with 20 and one with 12 animals per group. 
Laxity testing 
Laxity tests were performed in anterior-posterior direction and in varus-valgus 
direction, using two specially developed testers (6). Three days after injection of 
collagenase, half of the group of injected mice was sacrificed. Their hindlimbs were 
isolated and all soft tissues were removed from the femoral and tibial diaphysis, 
leaving tissue around the knee joint to prevent dehydration of joint structures. Use 
was made of anatomical reference points on the bones to position the limbs firmly 
and reproducibly in the test device, with the knee in 60° flexion and the tibia in 
neutral rotation. 
For the anterior-posterior (AP) test, forces perpendicular to the tibia were 
transmitted through a spindle. Displacement between proximal tibia and distal 
femur was measured over a continuous range between -1 and +1 N of AP-forces. 
For the varus-valgus (VV) test, moments were applied to the tibia through a 
spindle. Rotation of the proximal tibia with respect to the distal femur was 
measured over a continuous range between -5 an +5 Nmm of VV-moments. In 
both tests, two full cycles were performed. At 100 discrete points, load and 
displacement data were registered and stored on a personal computer. In Fig. 1, 
laxity characteristics in anterior-posterior and in varus-valgus direction of a normal 
murine knee are shown. 
Quantification of histological parameters 
Knee joints from mice not sacrificed for laxity tests were isolated for histology on 
day 42 after injection of collagenase. Knees were fixed in phosphate-buffered 
formalin (pH 7.4), decalcified in 5% formic acid and embedded in paraffin wax. 
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Frontal whole knee joint sections were made (7 μπι) and stained with safranin О 
and fast green For each knee joint, cartilage damage and osteophyte formation 
were measured using an image analysis system (VIDAS, Kontron Image Analysis 
Division, Zeiss, The Netherlands) on 2-4 histological sections (53) The contours of 
cartilage and osteophytes were indicated manually using a digitization table, and 
graphically displayed on a monitor The amounts of cartilage which had 
disappeared from the lateral and medial tibial plateaus were presented as the mean 
percentages of cartilage loss per section The sizes of the osteophytes at the margins 
of the medial and lateral femur and tibia, and at the attachment sites of the 
collateral ligaments to the femur, were presented as mean area of newly formed 
cartilage and bone 
Fig 1 Laxity characteristics of a 
normal murine knee joint 
A Anterior posterior force displacement 
curves 
В Varus valgus moment rotation curves 
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Data analysis 
Laxity parameters 
Translations of the tibia at forces of 0.8 N anterior and posterior and rotations at 
moments of 5 Nmm valgus and varus were calculated, using distribution-free 
estimation methods (51). From a group of 25 normal mice, the 95% confidence 
interval was determined for laxity parameters of a normal murine knee joint. 
Hence, laxity was thought significantly increased in anterior direction when the 
displacement is more than 0.38 mm, in posterior direction when the displacement 
was more than 0.29 mm, in valgus direction with rotations >8.5 degrees and in 
varus direction with rotation > 17.7 degrees. 
The median value for laxity was determined in mice which showed increased 
laxity after injection of collagenase. To calculate an overall laxity parameter, the 
laxity values at the forces and moments indicated above were first normalized 
percent-wise relative to the standard normal values (which are 0.28 mm anterior, 
0.19 mm posterior, 5.5 degrees valgus and 11.8 degrees varus), and then averaged. 
Histological parameters 
To calculate the total amount of cartilage loss, only mice showing cartilage 
damage were considered. The amount of cartilage loss was presented as the mean 
of the percentages cartilage damage in the lateral and the medial tibial plateau. 
The area of osteophytes at the margin of medial and lateral femur (mf and 10 and 
tibia (mt and It) and at the insertion of medial and lateral collateral ligament to the 
femur (mcl and lcl) were determined. The total osteophyte index was calculated as 
a summation of the areas of the six separately determined osteophytes in mice 
which showed osteophytes. The medial osteophyte index represented the summation 
of the sizes of the medial osteophytes, the lateral osteophyte index that of the lateral 
osteophytes. 
Relation between laxity and histological parameters 
The relations between laxity changes, cartilage damage and osteophyte formation 
concerning prevalence and severity, were evaluated using Spearman's rank 
correlation test. As a rule of thumb (11), correlations from 0 to 0.25 were 
considered to indicate little or no relationship, those from 0.25 to 0.50 indicate 
a fair degree of relationship, those from 0.50 to 0.75 a moderate to good 
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relationship, and those above 0.75 a very good to excellent relationship. 
A p-value <0.05 was considered statistically significant. 
RESULTS 
Prevalence 
The prevalence of laxity changes was scored according to the values as defined 
for increased laxity. The prevalences of laxity changes, cartilage damage and 
osteophytes of any kind are shown in Table 1. No significant differences in 
prevalence were observed between C57BL10 and C57BL6 mice. It was obvious that 
a lower dosage of collagenase decreased the prevalence of laxity changes, cartilage 
damage and osteophyte formation. 
Table I. Prevalence of laxity change, cartilage damage and osteophyte formation in C57BL10 and 
C57BL6 mice injected with 3 or 10 units collagenase. 
BL10 
BL10 
B L 6 
BL6 
10 units 
3 units 
10 units 
3 units 
Laxity change 
(%) 
88 
44 
85 
35 
Cartilage damage 
(%) 
77 
17 
65 
12 
Osteophyte formation 
(%) 
96 
33 
92 
27 
The prevalences of laxity changes are given in percentage of mice with changes measured on day 3. The 
prevalences of cartilage damage and osteophyte formation were measured in another group of mice on 
day 42. 26 Animals were used for laxity tests and 26 for histological measurements The mean of three 
experiments is presented. BL10 = C57BL10 mice, BL6 = C57BL6 mice. 
The correlation between the prevalence of changed laxity and cartilage damage 
was 0.60 in C57BL10 mice, 0.58 in C57BL6 mice and 0.57 when both strains were 
combined (p<0.05). This suggests a correlation between laxity changes and 
cartilage damage. 
In contrast with laxity changes, cartilage damage and osteophyte formation were 
measured in the same group of mice on day 42 after collagenase injection. 
Sometimes osteophytes were present without signs of cartilage damage. The 
prevalence of osteophytes was higher than the prevalence of cartilage damage. The 
correlation between the prevalence of osteophytes and changed laxity was 0.58 in 
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C57BL10 mice, 0.81 in C57BL6 mice and 0.75 when both strains were combined 
(p<0.01). This indicates a correlation between changes in laxity and osteophyte 
formation. The prevalences of osteophyte formation and cartilage damage correlated 
very well. The correlation coefficients were 0.93 (p<0.05) for C57BL10, 0.93 
(p<0.05) for C57BL6 and 0.88 (p<0.001) for both strains combined. 
Severity 
To correlate severity of laxity changes, severity of cartilage damage and severity 
of osteophyte formation, overall scores were calculated to obtain one value that 
combines changes in different direction or on different locations. These values are 
presented in Table 2. The severity of all changes were similar in both mouse 
strains. Lowering the dosage of collagenase decreased the severity of all changes. 
There was a good correlation between the amount of laxity changes and the 
severity of cartilage damage. The correlation was 0.68 in C57BL10, 0.75 in 
C57BL6 and 0.67 when both strains were considered together (p<0.02). The 
correlation between the amount of laxity changes and the size of osteophytes was 
0.70 in C57BL10 mice, 0.80 in C57BL6 mice and 0.75 when both were combined 
(p<0.01). The correlation between cartilage damage and osteophyte size (0.89 in 
C57BL10, 1.00 in C57BL6 and 0.94, ρ < 0.001 when both were considered 
together) was even excellent. 
Table 2 Severity of laxity changes, cartilage damage and osteophyte formation ¡n C57BL10 and 
C57BL6 mice injected with 3 and 10 units collagenase. 
Laxity change (%) Cartilage damage (%) Osteophyte formation (μπι2) 
BL10 10 units 263 23 889 
BL10 3 units 60 10 321 
B L 6 10 units 245 30 1187 
BL 6 3 units 20 7 338 
Seventy of laxity changes is presented as average increase of the laxity in anterior, posterior, varus and 
valgus direction, normalized percent-wise relative to the standard normal values Severity of cartilage 
damage is presented as average percentage cartilage loss of medial and lateral tibial plateau Severity of 
osteophyte formation is presented as summation of the size of all osteophytes in μπι2 The results of 
three experiments were combined Only mice which showed changes are used 
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Location 
In most occasions, laxity changed in more than one direction. From mice injected 
with 3 units collagenase, 40% showed both changes in anterior-posterior and in 
varus-valgus direction, injection with 10 units resulted in changes in both direction 
in 75% of the mice. However, relatively frequently, C57BL6 mice injected with 
low dosage collagenase showed only changes in anterior laxity while C57BL10 
mice sometimes showed changes in VV-laxity with normal AP-laxity. 
Table 3. The prevalence of cartilage damage specified according to location. 
BL10 
BL10 
BL6 
BL6 
10 units 
3 units 
10 units 
3 units 
Mice with 
damage 
20/26 
4/23 
17/26 
3/26 
Only 
medial (%) 
10 
25 
18 
67 
Only 
lateral (%) 
45 
0 
6 
33 
Both medial 
and lateral (%) 
45 
75 
76 
0 
Prevalences are given as percentage of the mice with cartilage loss on day 42. The results of three 
experiments were combined. 
Usually, cartilage damage was visible at both medial and lateral plateaus 
(Table 3). Isolated damage laterally occurred relatively often in C57BL10 mice 
injected with 10 units collagenase. Although the prevalence of cartilage damage in 
C57BL6 mice after injection with 3 units was low, if present damage mostly 
showed up medially. In general, cartilage loss was more severe on the medial than 
on the lateral tibial plateau (Table 4). Severe cartilage damage medially was 
frequently accompanied by medial dislocation of the femur with respect to the tibia. 
Severe damage of the medial tibial plateau at day 42 was often associated with a 
varus position of the tibia. 
Osteophytes were usually present at both tibial plateaus. They were larger on the 
medial side than on the lateral side of the joint (Table 4). In Table 4 an overview of 
the amount of laxity changes in four directions, cartilage damage and osteophyte 
formation on different locations is given. Laxity changes in different directions 
seem to be related. A higher dosage of collagenase increased the amount of laxity 
change in all directions. The results suggest that increase in anterior laxity (seen in 
C57BL6 mice injected with 3 units collagenase) leads to cartilage damage on the 
medial tibial plateau. Increase in varus-valgus laxity may have effect mainly on the 
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lateral tibial plateau, as can be speculated comparing the results of C57BL10 and 
C57BL6 mice. 
Table 4 Severity of laxity changes, cartilage damage and osteophyte formation specified according to 
directions and locations. 
BL10 
BL10 
BL6 
BL6 
10 units 
3 units 
10 units 
3 units 
Changes in laxity (increase 
compared to normal laxity) 
ant 
mm 
0.53 
0.20 
>0.72* 
0 16 
post 
mm 
0.37 
0.06 
0.44 
0 05 
var 
deg. 
20 
6 
12 
0 
val 
deg 
28 
6 
21 
1 
Cartilage 
damage 
med 
% 
24 
14 
50 
13 
lat 
% 
22 
6 
10 
0 
Osteophyte 
size 
med 
μπι2 
683 
251 
977 
259 
lat 
μπί2 
206 
70 
210 
79 
Changes in laxity in four directions are presented as absolute difference from normal knee joints. 
In normal knee joints laxity ant = antenor is 0 28 mm, post = posterior is 0.19 mm, var=varus is 
11 degrees and val = valgus is 5 degrees. Location of cartilage damage and osteophytes is divided in 
med = medial side and lat = lateral side. Cartilage damage is presented as percentage of the original 
cartilage which is lost Osteophytes size is given as a summation of the areas of osteophytes at margin 
of tibia and femur and at insertion site of the collateral ligament. Only mice which showed changes were 
used. 
* The maximal amount of increase which can be measured 
DISCUSSION 
This study showed a good correlation between the prevalences of laxity and 
histological changes. Variation in dosage of collagenase led to marked differences 
in the prevalence of changes. With a low dosage (3 units) the prevalence of laxity 
changes and subsequent cartilage damage was lower than with a higher dosage 
(10 units). Small amounts of collagenase were less capable to damage the 
ligaments. Correlation between the prevalence of laxity and histological changes 
indicates that increased laxity was responsible for the development of cartilage 
damage and osteophytes. The correlation between severity of the overall laxity and 
both the total amount of cartilage damage and the total size of osteophytes, shown 
in the present study, strengthened this indication. The severity of laxity and 
histological changes were also dose dependent. Using lower dosages it appeared 
sometimes possible to create more isolated and milder damage to ligaments and 
cartilage. This showed that different degrees of damage can be obtained by 
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adjusting the dosage of collagenase, which opens interesting possibilities for further 
uses of this osteoarthritis model. 
A joint with ligament damage can become unstable, depending on the stabilizing 
capacities of the muscles. Instability of the joint presumably results in high stress 
concentrations in certain locations of the cartilage. In this study the relation between 
the kind of laxity changes and the location of cartilage damage and osteophyte 
formation could not be established in a significant sense. This is probably due to 
the fact that collagenase injection often provides overall damage of the supporting 
structures in the joint. The difficulties to correlate the site of cartilage damage and 
the direction of laxity changes are also due to the technical impossibility to measure 
laxity and histological changes in the same mouse. Joint laxity was measured three 
days after collagenase injection when cartilage damage was still absent. Later, tests 
tend to produce unrealistic results, because joint laxity is affected by the formation 
of stabilizing osteophytes or by the loss of cartilage, inducing increased laxity by 
itself. 
In humans and in animal models, the kind of instability was shown to determine 
the location of cartilage damage (7,8,10,22,23,25,26,34). Complete insufficiency of 
the medial collateral ligament was shown to lead to cartilage damage on the medial 
side (25). Complete insufficiency of the lateral collateral ligament provokes 
cartilage damage on the lateral side (23) or on the lateral and medial sides (10). 
Partial or complete insufficiency of the anterior cruciate ligament causes cartilage 
damage predominantly on the medial side, but the lateral side can be affected too 
(7,8,22,26,34). Except for differences in laxity changes, variations may also be 
caused by differences in developmental rate of cartilage changes. It was shown that 
young (3 months) transgenic mice, expressing an internally deleted COL2A1 gene, 
had cartilage damage laterally while 15 months old mice showed medial lesions 
(18). In the present study it was impossible to draw conclusions about a relation 
between the location of cartilage damage and the kind of laxity changes, because of 
the variation within a group of mice in one experiment was considerable. In 
addition, the laxity changes are related to instability and increased cartilage loading 
only in an indirect way. To prove a more direct relationship via cartilage loads, 
would require analytical or experimental studies. In the present experiment cartilage 
damage occurs mostly on both medial and lateral tibial plateau. However, 
differences in location of cartilage damage between mouse strains was more 
obvious in an earlier study (50). At that time only AP-laxity could be measured. 
Change in the relation between laxity in anterior and posterior directions could not 
be shown. 
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In this study C57BL10 and C57BL6 did not show significant differences in 
prevalence of histological changes. This is in contrast with earlier observations. In a 
previous study we found the prevalence of cartilage damage in C57BL6 mice to be 
twice as low as in C57BL10 mice (49). In a pilot experiment (48) we tested 
AP-laxity in joints of both mouse strains after injection with collagenase. A two 
times lower prevalence of laxity changes was shown in C57BL6 mice, suggesting a 
relation between increased laxity and cartilage damage (48). The differences in 
prevalence of changes between the strain were not found in the present study. An 
explanation was not found, although the characteristics of inbred strains are known 
to be liable to modifications and genetic divergence and spontanuous mutations in 
C57BL mice were reported (15,16,42). Helminen et al. (18) described phenotypic 
variations between inbred transgenic mice which express an internally deleted 
COL2A1 gene to variations in uterine environment or stochastic events during 
development. 
Severe cartilage damage on the medial tibial plateau was often associated with 
medial dislocation of the femur. With less severe cartilage damage, lateral 
dislocation of the femur could also be seen. Dislocation of the joint was very likely 
the result of joint instability. The cartilage lesions seen in dislocated joints often had 
sharp edges and indicated abrasion or wear. Severe cartilage damage can extend to 
loss of subchondral bone and in these cases a varus position of the joint was often 
observed. This change in joint position was most likely a secondary effect of loss of 
cartilage and subchondral bone. Dislocation and varus position may be fixed by 
formation of enormous osteophytes and ossification of the medial collateral 
ligament. 
Although a correlation between laxity changes and histological changes is highly 
likely, we can not exclude the possibility of an indirect relation. Collagenase could 
potentially, besides ligament destruction, also evoke direct effects on cartilage. 
However, Jasin et al. (21) described a proteinaceous material and Schumacher 
et al. (43) described a proteoglycaneous material on the intact articular cartilage 
surface protecting the cartilage from collagen type II antibody binding. Our own 
observations also point in the direction of a protective layer covering intact 
cartilage. Histological marks of cartilage damage were never seen on early time 
points after injection. Previously we showed that in vitro incubation of intact 
murine patellae with collagenase did not evoke changes in proteoglycan content 
and proteoglycan synthesis (50). Although damage to collagen would be expected to 
result in quick release of proteoglycans, this was neither seen in the in vitro 
experiments nor in vivo after injection of collagenase (50). Direct effects of 
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collagenase on cartilage, however, can not be totally excluded. Immuno-
histochemical experiments with antibodies directed against epitopes of degraded 
collagen are to be performed to obtain certainty about this effect. However, in our 
view changed laxity is the most important cause of osteoarthritic changes after 
collagenase injection in the knee joint. 
We conclude that collagenase induces OA by damaging ligaments, which causes 
joint instability and altered loading. Cartilage damage will develop when the 
mechanical properties of the cartilage can not withstand the altered loading 
conditions. Another possible cause for the development of cartilage damage is a 
change in mechanical properties of the cartilage, reducing the resistance of the 
cartilage to normal loading. Such a mechanism for the pathogenesis of OA after 
joint trauma was suggested by the finding that in traumatically injured knees, a 
large increase in the amount of metalloproteinase was found, whereas the amount of 
Tissue Inhibitor of Metalloproteinases (TIMP) was only slightly increased 
(9,30,40). An increased concentration of proteoglycans was found directly after 
trauma and still present years later (29). This may suggest increased degradation of 
cartilage components by enzymes released after ligamentous or meniscal trauma. 
According to this hypothesis, cartilage damage and laxity changes would be related, 
but cartilage damage would not induced directly by altered joint loading. Another 
possibility is that the release of mediators alters cartilage mechanical properties 
thereby predisposing cartilage damage due to altered loading conditions. 
In summary, we can conclude that prevalence and severity of laxity and 
histological changes correlate. This indicates that increased laxity is the most 
important cause of histological changes in collagenase-induced osteoarthritis in 
mice. It remains the question whether the osteoarthritic changes are caused by 
changed loading conditions, by mediators released due to ligament trauma or by a 
combination of these. 
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CHAPTER И 
SUMMARY, CONCLUSIONS AND FINAL CONSIDERATIONS 
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SUMMARY 
Osteoarthritis, also known as degenerative joint disease, is the prevalent 
connective tissue disorder affecting diarthrodial joints. The characteristics of the 
disease are focal loss of cartilage, fibrosis of the capsule, stiffening (sclerosis) of 
subchondral bone and formation of new bone (osteophytes) at joint margins and 
insertion sites of ligaments. The prevalence and severity of these features can vary 
between different locations. Considerable differences in prevalence of О A are found 
between joints, with the knee joint as the most affected peripheral joint. Differences 
in prevalence and severity of OA exist within a particular joint as well. In the knee 
joint, differences can be found between OA in patello-femoral, medial femoro-tibial 
and lateral femoro-tibial compartments. Local differences in prevalence and severity 
of cartilage changes in a joint suggest that different etiologic factors may play a 
role in the development of OA. Most probably the pathogenesis is multi-factorial 
and can be divided in two classes: mechanical causes due to high loading of normal 
cartilage and metabolic causes due to failure of the chondrocytes. Differences in 
prevalence of OA between and within joints can be explained by differences in 
amount of biomechanical (over)loading or differences in metabolism and response 
of cartilage cells (chondrocytes) to certain stimuli (the latter may be indirectly 
influenced by physical demands). 
Cartilage is a biochemically, morphologically and biomechanical 1 у heterogenous 
tissue. Cartilage basically exists of water, collagen and proteoglycans. The 
metabolism of the matrix is regulated by the chondrocytes. The turnover of 
proteoglycans is much higher than that of collagen. This makes proteoglycans much 
more sensitive to disturbances in metabolism. Proteoglycans, being one of the main 
components of cartilage, provide the matrix with its overall compressive stiffness, 
in concert with the collagen network. A general introduction in more detail is 
provided in Chapter 1. 
To investigate the influence of both metabolic and mechanical factors on the 
development of site-specific cartilage damage, we used different animal models in 
mice. To induce cartilage damage metabolically, injection with iodoacetate, papain 
and interleukin-1 were given, stimuli which act through different mechanisms. As a 
model for mechanically-induced OA, collagenase was injected in the knee joint. 
Collagenase was thought to damage joint structures containing collagen type I, 
like ligaments and menisci, thereby creating joint laxity. If the joint becomes 
unstable, high stress concentrations on the cartilage are expected. These high stress 
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concentrations may cause OA by altering cartilage metabolism or damaging 
collagen fibrils. 
To get more insight in what determines local differences in OA changes, we 
studied the effects of various stimuli on the pattern of cartilage damage and 
osteophyte formation. In order to be able to perform these studies, three methods 
were developed and described in the first part of this thesis. 
In Chapter 2, a method to quantify the synthesis of proteoglycans in different 
areas of the knee joint is described. Cartilage of four anatomically defined areas 
was distinguished: cartilage from the central part of the patella, from the peripheral 
part of the patella, from the central medial part of the tibial plateau and from the 
central lateral part of the tibial plateau. To measure proteoglycan synthesis, newly 
synthesized proteoglycans were labeled with radioactive sulfate. To validate the 
method, proteoglycan synthesis was determined in normal joints and in joints at 
different intervals after intra-articular injection of sodium iodoacetate. Comparison 
with autoradiography showed that this new method enables the quantification of 
proteoglycan synthesis in different topographical areas of the murine knee joint. 
Cartilage damage and osteophyte formation are both outstanding feaures of OA. 
To be able to study the features on histological sections, a method described in 
Chapter 3, was developed to quantify cartilage loss and osteophyte size on 
different locations in the knee joint. In the collagenase-induced OA model, cartilage 
damage can be found on lateral and medial tibial plateaus and femoral condyles. 
Osteophytes appear at the margin of medial and lateral tibia and femur and near the 
sites of attachment of the collateral ligaments to the femoral bone. Using image 
analysis, the percentage of cartilage loss and the size of osteophytes could be 
measured reproducibly. In order to validate the method, intact and damaged 
cartilage surfaces and osteophytes were measured by two observers at two different 
time points, at least one week apart. Both inter- and intra-observer variations were 
small, indicating good reliability of the measurements. It appeared that 
measurements of three frontal histological sections (spaced 133 μιτι apart) from the 
middle part of the joint, as judged by a wedged-shape of the menisci, provide a 
reliable measure for cartilage damage and osteophyte size in the total joint. In 
addition, a cumulative score was developed, composed of both cartilage loss and 
osteophyte sizes, which can be used as a general measure for OA of the knee joint. 
The presented method of quantitative scoring makes it possible to perform 
correlation studies and to investigate the effect of therapeutic interventions more 
adequate than with the heretofore used qualitative and semi-quantitative scoring 
systems. 
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In mechanically-induced OA it is hypothesized that cartilage damage and 
osteophyte formation are related to joint laxity. To be able to measure joint laxity 
in collagenase-induced OA in mice, a method was developed and described in 
Chapters 4 and 5. In analogy with laxity testers described earlier for human, goat, 
dog and rabbit knees, an anterior-posterior (AP) tester for the function of the 
cruciate ligaments and a varus-valgus (VV) tester for the function of the collateral 
ligaments was developed for the murine knee joint in vitro. In Chapter 4 the 
development of the testers is described. Use was made of scaling laws to estimate 
the dimension of forces, displacements and rotations needed. Geometrical 
measurements were used to define anatomical reference points for standardized joint 
positioning during the tests. The technical details of both AP- and VV- testers are 
described in this chapter. For both AP force-translation and VV moment-rotation, 
reproducible, non-linear, S-shaped load-displacement curves were obtained, from 
which translation, rotation and stiffness parameters could be calculated. 
In Chapter 5 the validation of the developed laxity test devices is discussed. 
Laxity characteristics of normal mice were studied. Variations in translational and 
rotational parameters were small, compliance parameters showed considerable 
variation. Storage of joints at -70°C had no effect on laxity characteristics. 
No significant differences were found between left and right knees of normal mice. 
Inflammation and osteoarthritis were induced to investigate whether experimentally-
induced pathological conditions manifest measurable joint laxity. Laxity parameters 
did not change significantly after induction of inflammation, caused by zymosan 
injection, or by antigen-induced arthritis Injection of collagenase appeared to 
increase laxity markedly. It was concluded from this study that laxity in knees of 
mice can be measured reproducibly and changes in laxity characteristics due to 
pathological conditions can be quantified 
With the methods developed, we were able to quantify local cartilage damage, 
osteophyte formation and changes in joint laxity. These studies were described in 
the second part oí this thesis. 
First, the response of proteoglycan synthesis to metabolic and mechanical stimuli 
were compared in Chapter 6 Proteoglycan synthesis was studied at different time 
points in four different locations in the murine knee, and compared with 
histological observations ot localized joint damage. 
Intra-articular injection of iodoacetate (inhibitor of cell metabolism) quickly 
inhibited the proteoglycan synthesis in cartilage of all areas studied. In the 
peripheral patella, inhibition on day 1 was followed by a stimulated synthesis. In 
the other areas however, proteoglycan synthesis remained inhibited during the 
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entire period of study (3 months) Areas with inhibited synthesis showed loss of 
safranin О staining in histological sections Injection with collagenase (inducing 
joint instability) initially led to stimulation of the proteoglycan synthesis in all areas 
From day 30, the synthesis in the central lateral tibial plateau was inhibited and the 
same location showed cartilage loss histologically Conversely, the patella, which 
showed stimulated synthesis, and the medial tibial plateau, which showed normal 
synthesis, both appeared histologically unchanged 
Our data indicate that the pattern of cartilage response, meaning the variation in 
response of cartilage from different anatomical areas of the knee joint, depends on 
the stimulus used We questioned whether variation in the pattern of cartilage 
response also exists between differently acting metabohcal stimuli 
In Chapter 7 we studied whether inhibition of proteoglycan synthesis on different 
locations due to metabolic stimuli occurs according to a regular stimulus-unrelated 
pattern or if the response of cartilage is stimulus dependent Proteoglycan synthesis 
was measured on four different locations in the knee joint after in vitro and in vivo 
exposure to three well-known, differently acting metabolic stimuli, ïodoacetate, 
papain and mterleukin-la The effect on proteoglycan synthesis in cartilage in these 
locations was similar in the in vitro and the in vivo experiments Papain evoked 
more inhibition of the proteoglycan synthesis in tibial Lartilage than in patellar 
cartilage In contrast, ïodoacetate caused more inhibition in patellar than in tibial 
cartilage The central part of the patella was moie vulnerable than the peripheral 
part to mterleukin-1 a and ïodoacetate, and both parts were equally sensitive to 
papain Differences in sensitivity between centi al medial and central lateral tibial 
plateaus were only tound with ïodoacetate, which inhibited proteoglycan synthesis 
on the medial side more than on the lateral side 
These results indicate that the pattern of metabohcally induced inhibition of 
proteoglycan synthesis in the knee joint depends on the mechanism of action of the 
stimulus 
The pattern of cartilage response differs between metabolic and mechanical stimuli 
(Chapter 6) but also small differences exist between different metabolic stimuli 
(Chapter 7), depending on the mechanism of action In the next chapters, attention 
is focused on the location of changes in mechanically-induced OA 
First, factors possibly influencing the development of cartilage damage in the 
collagenase model were further investigated (Chapter 8) Differences in prevalence 
of cartilage damage were observed between two mouse strains and between males 
and females The dosage of collagenase did not affect the prevalence of lesions, it 
did however influence the severity of the damage The site of the damage also 
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appeared to be dose and strain dependent. Since mice, more vulnerable to 
collagenase-induced changes appeared to have a higher prevalence of spontaneously 
developing OA, it may be concluded that predisposition to spontaneous 
osteoarthritis increases the risk to develop injury-induced osteoarthritis. Location 
and severity of the changes will probably be related to joint loading. 
Besides cartilage damage, osteophyte formation is a prominent feature in the 
instability-induced О A model. Although absence of osteophytes would lead to 
consideration of another diagnosis, the relation between cartilage damage and 
osteophytes is not known exactly. Using an experimental instability-induced OA 
model, we showed that a relation exists between the amount of cartilage damage 
and the dimension of osteophytes (Chapter 9). Cartilage damage never occurred 
without osteophytes. However, about 20% of the mice had osteophytes without 
cartilage damage. If present, osteophytes were located on all sites, independent of 
the location of cartilage damage. However, the size of the osteophytes on a certain 
location was related to the location of the cartilage damage. Cartilage loss on the 
lateral tibial plateau correlated well with the size of lateral osteophytes, especially 
the osteophytes at the margins of lateral tibial plateau. Cartilage loss on the medial 
tibial plateau appeared to have a good correlation with the size of medial 
osteophytes, especially the osteophyte on the medial margin of the tibial plateau. 
Both cartilage damaged and osteophytes were probably caused by joint instability. 
The relation was investigated in Chapter 10. Surprisingly, in this study no 
difference in prevalence and severity of changes between C57BL10 and C57BL6 
mice were found. A lower dosage of collagenase however, led to decreased 
prevalence and severity. The prevalences of joint laxity, cartilage damage and 
osteophyte formation were correlated. Furthermore, the severity of cartilage 
damage, osteophyte formation and laxity changes were correlated. This indicated a 
causative relationship between joint instability and OA changes. The question 
remained whether osteoarthritic changes after ligament damage are caused by 
altered joint loading conditions, by mediators released after ligament trauma or 
by a combination of these. Conclusions concerning a direct relation between the 
direction of laxity change and the location of cartilage damage and osteophyte 
formation were difficult to draw. This was due to variation in response of mice to 
collagenase and the inability to measure laxity and histological changes in the same 
mouse. 
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CONCLUSIONS 
Concerning the methods 
• The method to quantify proteoglycan synthesis by punching out four defined 
areas of murine knee joint cartilage made it possible to study local changes in 
proteoglycan synthesis. 
• Quantification of cartilage loss and osteophyte formation using image analysis 
on 3 histological sections provide an objective measure for OA-changes in the 
whole knee joint. This, in combination with the developed cumulative score of both 
cartilage loss and osteophyte sizes, makes it possible to study therapeutic 
modulations in the collagenase model. 
• With the devices to measure knee joint laxity in mice, the amount and direction 
of laxity changes in the collagenase model could be measured precisely. This 
enabled us to study the relation between the amount of laxity change and the 
severity of histological changes. However, relating the type of early laxity 
increases, and abnormality in knee-motion characteristics, to the locations of later 
histological damage, is still difficult in this animal model. 
Concerning the pathogenesis of site-specific osteoarthritic changes 
• The location of changes in experimental osteoarthritis depends on the 
mechanism of action of the stimulus that causes them. Iodoacetate (an inhibitor of 
cell metabolism), interleukin-1 (evoking inhibition of proteoglycan synthesis by 
specific cellular receptors) and papain (which degrades matrix components and 
strips cell receptors), all inhibited proteoglycan synthesis, each showing a different 
pattern. With iodoacetate and interleukin-1 inhibition was most pronounced in 
cartilage of the central part of the patella, with papain cartilage of the tibial plateau 
showed the largest inhibition. 
As a mechanical stimulus, collagenase was injected to induce joint instability. 
With collagenase an increase of proteoglycan synthesis was found in early stages. 
Later on cartilage was lost from the femoro-tibial joint. The site and extent of 
cartilage loss depended on the amount of instability induced and was influenced by 
the dosage of collagenase and the genetic background of the mice. 
• Instability is the most important factor determining OA changes in collagenase 
induced OA in mice. 
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• There is a relation between the amount of cartilage loss and the dimensions of 
the osteophytes on specific locations in instability induced OA. 
FINAL CONSIDERATIONS 
Collagenase-induced OA in mice can be seen as an instability-induced model. 
Although direct (metabolic) effects of collagenase on cartilage can not be ruled out 
completely, it is very likely that the induced ligament damage is the most important 
determinant for development of OA. If collagenase has direct effect on the 
cartilage, proteoglycan synthesis in cartilage of intact patellae should be changed 
after incubation in vitro with collagenase. Besides, collagenase should induce a 
quick depletion of proteoglycans in the matrix due to damaged collagen network. 
However, effects of in vitro incubation on proteoglycan synthesis and loss of 
safranin О staining have never been seen. Studies are in progress using antibodies 
directed against degradation sites of collagen to see whether collagen degradation is 
present in cartilage shortly after injection of collagenase. Even if minor degradation 
of the collagen should occur, we think this can not be responsible for the immense 
changes observed. Nevertheless, we think mechanical factors are the most 
important in the development of OA changes in this model, although direct 
metabolic effects, if present, may play an accessory role too. 
In this thesis it is shown that the location (pattern) of cartilage damage depends on 
the stimulus inducing the damage. We found considerable differences between a 
metabolic and a mechanically-induced model. Slight differences between differently 
acting metabolical stimuli are also shown. All three metabolical stimuli used, 
evoked an inhibition of the proteoglycan synthesis. Mechanically-induced OA 
caused stimulation of proteoglycan synthesis. Stimulation due to a metabolic 
stimulus is also possible, for example injection of Transforming Growth Factor ß 
(TGFß) leads to enhanced proteoglycan synthesis after several days. In instability-
induced OA elevated synthesis may be due to increased cartilage loading. It may 
also be possible that TGFß is released in collagenase-induced OA, due to injury to 
ligaments, menisci or joint capsule or synthesized by chondrocytes as a result of 
increased loading. This TGFß may be responsible for the increase in proteoglycan 
synthesis seen in early stages of instability-induced OA, maybe leading to the supra-
normal proteoglycan content in OA cartilage. In spite of the increase in 
proteoglycan synthesis or maybe even as a consequence of it (because too much 
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proteoglycans lead to a matrix which is too stiff or too brittle to resist loading) 
cartilage becomes damaged in a later stage. This hypothesis is an interesting item 
for further research. Although TGFß may play an important role in the 
pathogenesis of instability-induced OA, it is very likely that the (location of) 
damage will be determined by mechanical factors. 
The location of mechanically-induced damage is dependent on the changes in load 
distribution. Changed load distribution can lead to damage of the collagen network, 
resulting in cartilage hypertrophy, fissuring and finally loss of cartilage. Changes in 
cartilage loading can also directly influence chondrocyte metabolism, inducing 
changes in turnover or quality of matrix components leading in time to cartilage of 
mechanically inferior quality which is more vulnerable to (mechanically-induced) 
damage. Joint laxity seems to be the most important factor for cartilage damage and 
osteophyte formation in the collagenase induced OA model in mice. However, a 
relation between the direction of laxity changes and the location of histological 
changes was difficult to find. More insight in a relation between increased laxity of 
the murine knee joint, changes in cartilage loading and the location of cartilage 
damage, may be obtained using a mathematical model of the knee joint (studies in 
progress). 
Many possibilities for further research on the influence of other factors on the 
development of OA in knees with increased laxity can be thought off. For example, 
studies investigating the effect of different exercises or immobilisation programs for 
instable joints and studies investigating the capacity of muscles to compensate for 
changed joint laxity, preventing instability of the knee. The use of larger animals is 
recommended for this kind of research. 
Although correlations were evident between laxity changes, cartilage damage and 
osteophyte formation, the causal relationship between these parameters is not 
known. As is stated before, collagenase may induce cartilage damage and 
osteophyte formation by increased joint laxity, but direct effects of collagenase on 
cartilage can not be excluded completely. Concerning the relation between cartilage 
damage and osteophyte formation, the question remains whether osteophytes protect 
the cartilage from damage or exacerbate damage. Similar to the collagenase model, 
intra-articular injection with TGFß has been shown to induce osteophyte formation 
and increase proteoglycan synthesis. The role of TFGß in the development of 
cartilage damage and osteophyte formation in the collagenase-induced OA model 
and OA in general is an intriguing subject for further research. 
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Artrose is een veel voorkomende ziekte van het gewricht Bijna iedereen boven 
de 65 jaar heeft verschijnselen van artrose De knie is een van de meest aangedane 
gewrichten Artrose leidt tot destructie van het gewricht en kan uiteindelijk 
blijvende invaliditeit tot gevolg hebben 
Het belangrijkste kenmerk van de ziekte is verlies van kraakbeen Ook wordt er 
nieuw bot gevormd (de zogenaamde osteofyten) aan de randen van het gewricht en 
bij de aanhechting van de banden 
De mate van voorkomen en ernst van artrotische veranderingen verschilt per 
gewricht (b ν de knie vertoont veel vaker artrose dan de enkel), maar ook binnen 
één gewricht kunnen verschillen optreden Deze lokale variaties duiden er op dat 
meerdere factoren belangrijk kunnen zijn in het ontstaan van artrose Op 
theoretische en experimentele gronden kunnen deze factoren verdeeld worden in 
twee klassen 
- Mechanische oorzaken, hierbij moet gedacht worden aan een (te) hoge belasting 
van de knie, 
- Storingen in de stofwisseling van kraakbeencellen die er toe kunnen leiden dat de 
kwaliteit van het kraakbeen slechter wordt zodat het de normale belasting niet meer 
kan weerstaan en op den duur kapot gaat 
Dit proefschrift beschrijft onderzoek naar de ontstaanswijze van artrose Het is 
moeilijk om artrose te onderzoeken bij mensen Dit komt omdat patiënten met 
artrose vaak pas een arts consulteren als de ziekte al in een vergevorderd stadium 
is Voor onderzoek naar het ontstaan van artrose is juist het begin van de ziekte 
belangrijk Om veranderingen die optreden bij artrose in de knie te bestuderen is 
het nodig het weefsel (kraakbeen, bot, kniebandcn) regelmatig te onderzoeken Bij 
mensen stuit het herhaald wegnemen van wcclscl voor onderzoek echter op ethische 
problemen 
In dil geval biedt hu doen van onderzoek met proefdieren uitkomst Wij hebben 
de mogelijkheid om in muizen op verschillende manieren artrose na te bootsen Dit 
doen we door chemische stoffen in het knietje van de muis te spuiten We 
gebruiken middelen die de stofwisseling veranderen (j°°dacetaat, papaine en 
interleukine-1; en middelen die de knie instabiel maken zodat de belasting op het 
kraakbeen verhoogd wordt (collagenase) 
Het belangrijkste verschijnsel van artrose is kraakbeenschade Kraakbeen bestaat 
voornamelijk uit water met eiwitten en suikers Eiwitten en suikers vormen de 
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bestanddelen van collageen en proieoglycanen. Deze stoffen zorgen voor de stevig-
heid van het kraakbeen. Proteoglycanen zijn belangrijk voor de veerkracht van het 
kraakbeen. Omdat ze belangrijk zijn voor de functie van het kraakbeen, zijn 
veranderingen in proteoglycanen interessant om te onderzoeken. 
In het eerste stuk van dit proefschrift zijn drie analysemethoden beschreven: 
- Een methode om de aanmaak van nieuwe proteoglycanen te kunnen meten in 
kraakbeen afkomstig van verschillende plaatsen in de muizeknie (Hoofdstuk 2); 
- Een methode om te meten hoeveel kraakbeen er verdwenen is en hoeveel nieuw 
bot er gevormd is in een muizeknie als gevolg van artrose (Hoofdstuk 3); 
- Een methode om de instabiliteit van muizeknieën te meten (Hoofdstukken 4 en 5). 
Het tweede gedeelte van het proefschrift beschrijft resultaten die verkregen zijn 
door gebruik te maken van deze 3 bovenstaande methoden. 
We hebben gevonden dat de proteoglycaan aanmaak varieert op verschillende 
plaatsen in de knie. Deze veranderingen zijn bovendien afhankelijk van het 
ingespoten middel. Er zijn verschillen tussen middelen die leiden tot een 
mechanische verandering en middelen die een verstoring van de stofwisseling geven 
(Hoofdstuk 6). Ook russen de diverse middelen die een verstoring van de 
stofwisseling veroorzaken bestaan plaatsafhankelijke verschillen in aanmaak van 
proteoglycanen (Hoofdstuk 7). 
Het injecteren van collagenase maakt de kniebanden van de muis kapot. Letsel aan 
kniebanden leidt tot verandering in belasting van de knie. Dit kan leiden tot 
beschadiging van het kraakbeen. We hebben een aantal factoren die dit diermodel 
kunnen beïnvloeden beter in kaart gebracht. Het inspuiten van collagenase in de 
knie heeft meer effect op mannelijke dan op vrouwelijke muizen. Bovendien 
bestaan er ook verschillen tussen de twee gebruikte muizenstammen, niet alleen in 
de mate van voorkomen maar ook in de plaats waar kraakbeen in de knie kapot 
gaat (Hoofdstuk 8). 
De twee belangrijkste verschijnselen van artrose, kraakbeenverlies en vorming van 
nieuw bot, lijken gekoppeld te zijn (Hoofdstuk 9). Beide verschijnselen lijken 
gerelateerd te zijn aan instabiliteit van de knie (Hoofdstuk 10). 
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De belangrijkste conclusies zijn: 
• De plaats waar kraakbeen kapot gaat wordt bepaald door de oorzaak van de 
ziekte, dit kan zowel een mechanische oorzaak hebben als het gevolg zijn van een 
bepaalde afwijking in de stofwisseling van het kraakbeen; 
• Er is een verband tussen de plaats en de grootte van kraakbeenbeschadiging en 
de plaats en grootte van nieuw gevormd bot in een instabiel gewricht; 
• In het diermodel waar collagenase wordt ingespoten, is instabiliteit de belang-
rijkste oorzaak voor beschadiging van het kraakbeen en vorming van nieuw bot. 
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DANKWOORD 
BEDANKT, iedereen die, al dan niet bewust, een bijdrage heeft geleverd aan het 
tot stand komen van dit proefschrift! 
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NEE, er zijn mensen die het verdiend hebben om hier met naam genoemd te 
worden! 
Peter van der Kraan heeft mij ingeleid in de 'kraakbeenwereld', mij daarna 
voldoende vrij gelaten, maar als 'dagelijks begeleider' alles goed in de gaten 
gehouden. Hij heeft zeker een belangrijke invloed gehad op het proefschrift zoals 
het er nu ligt. Wim van den Berg die als 'begeleider op afstand' een oogje in het 
zeil hield, en manuscripten omgooide tot er uiteindelijk een helder, leesbaar stuk 
uitkwam. Gesprekken en discussies met hem hebben mij inzicht gegeven in het 
reilen en zeilen van wetenschappelijk onderzoek. Rik Huiskes heeft vanaf iets 
grotere afstand met zijn kritische vragen mij tot nadenken en het vinden van 
oplossingen gestimuleerd. Het enthousiasme van Leendert Blankevoort voor de 
laxiteitstesters werkte steeds aanstekelijk en heeft bijgedragen tot optimisme tijdens 
de ontwikkeling en de uitvoering van muizeknietesten. 
Behalve mijn begeleiders wil ik ook de studenten die meewerkten aan dit 
proefschrift niet ongenoemd laten. Zonder Aria van Valburg zou de methode voor 
kwantitatieve metingen aan histologisch materiaal nooit zo goed gevalideerd zijn. 
We hebben samen gezellig gestresst om hoofdstuk 3 gerealiseerd te krijgen. Paul 
Buis zorgde enthousiast voor meer inzicht in de anatomie van de muizeknie. Dank 
ook aan Huub van der Heide, die een gedeelte van zijn vrije tijd in de kelder door-
bracht met laxiteitsmetingen aan muizepootjes. 
Tevens wil ik met name noemen Elly Vitters en Willem van de Wijdeven voor de 
technische ondersteuning. Elly voor het snij-, plak- en kleurwerk en Willem die als 
'eerste hulp bij technische problemen' altijd geduldig beschikbaar was. Voor de 
hulp bij de 3D-reconstructie van muizeknie-coupes, helaas niet meer opgenomen in 
dit proefschrift, wil ik Jan Kooloos bedanken. 
Bij de ontwikkeling van de laxiteitstesters waren veel mensen betrokken. Van de 
Instrumentele Dienst Ontwikkeling wil ik graag nogmaals noemen Edsko Hekman, 
Jan de Haard, Henk Hoving en in het bijzonder Bernard Janssen wiens grote 
nauwkeurigheid dit project heeft doen slagen. Verder Marco van de Sluis voor de 
elektronica en het oplossen van allerhande problemen in de laatste fase van de 
realisatie van de apparatuur en Huub Peters die de analyse programmatuur van 
mens tot muis omschaalde. 
De mensen van het Centraal Dierenlaboratorium wil ik bedanken voor de 
verzorging van de muizen. 
Een aantal factoren bepaalt dat je plezierig werkt. Een van de belangrijkste is een 
goede werksfeer. Hiervoor bedank ik de collega's: Leo, Henk, Lex, Joyce, Astrid, 
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Onno, Liduine, Elly, Monique, Wim, Marianne, Fons, Peter, Peter, Pernette en in 
het bijzonder Marike en Harrie die als kamergenoten vreugde en rampspoed 
deelden. Dorothé wil ik bedanken voor het 'wij-gevoel'. 
De 'treincontacten' waren verantwoordelijk voor het veraangenamen van het 
reizen van Utrecht naar Nijmegen Heyendaal en vice versa. 
Heel veel dank aan mijn ouders omdat ze me hebben gestimuleerd en vrij gelaten 
in beslissen en handelen, waardoor ik altijd plezier in studeren heb gehad. 
En natuurlijk veel dank aan Onno: 'Daarom'! 
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"Good morning." said Deep Thought at last 
"Er good morning, О Deep Thought," said Loonquawl nervously, "do you have er, that is 
'An answer for you''" interrupted Deep Thought majestically "Yes I have " 
"There really is one 7" breathed Phouchg 
"There really is one," confirmed Deep Thought 
"To Everything7 To the great Question of Life, the Universe and Everything9" 
"Yes " 
"And you're ready to give it to us9" urged Loonquawl 
"I am " 
'Now 9" 
"Now," said Deep Thought "Though I don't think," added Deep Thought, "that you're going to like 
it " 
"Doesn't matter'" said Phouchg. "We must know it' Now1" 
"Now9" inquired Deep Thought 
"Yes' Now " 
"All right," said the computer, and settled into silence again The two men fidgeted The tension was 
unbearable 
"You're really not going to like it," observed Deep Thought 
"Tell us'" 
"All right," said Deep Thought "The Answer to the Great Question " 
'Yes '" 
"Of Life, the Universe and Everything ." said Deep Thought 
"Yes '" 
"Is " 
"Yes ' " 9 " 
"Forty-two," said Deep Thought, with infinite majesty and calm 
It was a long time before anyone spoke 
It was a tough assignment," said Deep Thought mildly 
"Forty-two1" yelled Loonquawl "Is that all you've got to show for seven and a half million years' 
work9" 
"I checked H very thoroughly," said the computer, "and that quite definitely is the answer I think the 
problem, to be quite honest with you, is that you've never actually known what the question is " 
"But it was the Great Question' The Ultimate Question of Life, the Universe and Everything," howled 
Loonquawl 
"Yes," said Deep Thought with the air of one who suffers fools gladly, "but what actually is it9" 
A slow stupefied silence crept over the men as they stared at the computer and then at each other 
"Well, you know, it's just Everything everything " offered Phouchg weakly 
"Exactly'" said Deep Thought "So once you do know what the question actually is, you'll know what 
the answer means " 
Douglas Adams The hitchhiker's guide lo the galaxy, 1979 

STELLINGEN 
behorende bij het proefschrift 
SITE-SPECIFIC CHANGES IN EXPERIMENTAL 
DEGENERATIVE KNEE JOINT DISEASE IN MICE 
Biochemical, histological and biomechanical analysis 
ι 
Omdat meetresultaten zelden eenduidig zijn, speelt geloof onvermijdelijk een rol bij de beoordeling van 
de eigen theorieën 
(F van Kolfschooten Valse vooruitgang Bedrog m de Nederlandse wetenschap, 1993) 
II 
Reclame door het promotie-team' heeft een aanzienlijke invloed op de marktwaarde van het produkt 
de promovendus 
III 
De conditie \an het subchondrale bot speelt een essentiële rol in de progressie van kraakbeenschade in 
artrose 
(E L Radm Clin Orthop Rel Res 213 34-40, 1986) 
IV 
Dagelijks 'treinen' is behalve reizen ook een verkapte vorm van arbeidstijdverlenging en bevordert het 
leggen \an nieuwe contacten 
V 
De locatie van kraakbeenschade wordt bepaald door het werkingsmechanisme van de stimulus die de 
schade veroorzaakt 
(dit proefschrift) 
VI 
Het is met het doen van onderzoek als met wandelen soms lijkt het einde nog ver, maar het zijn de 
mooie uitzichten die het zo leuk maken 
VII 
AIO's verplichten tot het volgen van bepaalde cursussen, geeft aan dat zij worden gezien als 
wetenschappelijke pubers 
VIII 
Omdat osteofyten en kraakbeenschade beide als belangrijk symptomen van artrose worden gezien, moet 
er meer onderzoek gedaan worden naar hun samenhang 
IX 
Het verdient aanbeveling om huisartsen, en daarmee hun patiënten, te adviseren over de mogelijkheden 
van yoga in de preventie en behandeling van allerlei psychische en lichamelijke klachten 
X 
Een verschil tussen (bio)chemici en (bio)mechanici is dat de eersten veelal een kwalitatieve en de 
laatsten een kwantitatieve benaderingswijze hanteren 
XI 
Het vereist kippekracht, een adelaarsbhk en engelengeduld om laxiteit van een muizeknie te testen 
XII 
By beschadigingen onder een bepaalde drempelwaarde kan het gewricht zich herstellen 
(RC Thompson Annals Rheum Dis 34, suppl 2 140-142, 1975, 
JM Williams J Orthop Res 11 705-716. 1993) 
XIII 
Na injectie met zuiver collagenase, is instabiliteit van het gewricht de belangrijkste oorzaak van de 
artrotische veranderingen die ontstaan in de muizeknie 
(dit proefschrift) 
XIV 
Dieren gebruikt m diermodellen gedragen zich vaak met als modeldieren 
Gerjo van Osch 
Utrecht, apnl 1994 


